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ABSTRACT 
Recently, computers have progressed significantly in their ability to 
display 3D representations on a 2D medium.  Devices such as 
stereoscopic glasses, polarised and auto-stereoscopic monitors and Head 
Mounted Displays (HMD) have allowed users to visualise virtual and 
real images with a perception of depth.  However, there has been 
limited development for a tangible and interactive 3D surface that has 
the ability to deform physically in response to stimuli from the 
environment (movement, sound, light, etc.).  Also, virtual computer 
display systems are not able to draw the human eye to physical 
movements, which is a basic requirement for interactive systems.  
Developing such an interactive 3D surface has many associated 
challenges.  Among these are cost, complexity, availability of materials, 
fittings and most importantly the ability to achieve highly responsive 
and real-time control of a complex surface.  Such a surface behaves like 
a precisely controlled liquid, where waves, patterns, logos, even text 
emerge and fade continually within its dynamic surface.  The ‘many 
degrees of freedom’ motion is achieved by using several hundreds of 
moving pneumatic actuators capable of reconfiguring to project the 
intended 3-D pattern.  Providing precise and accurate control is 
paramount in achieving a good display.  However, knowing how to move 
a surface with so many moving and interconnected elements becomes a 
challenge in itself.  Each cylinder is simple enough to control on its own, 
but the complexity comes from the fact that each cylinder is 
mechanically linked directly to the eight neighbouring cylinders, and 
indirectly to many more on the surface.  Additional uncertainty is 
introduced by controlling the cylinder in an open-loop fashion, making 
it impossible to implement conventional methods of feedback-based 
positioning, as achieved with PID or Fuzzy control.  Finally, the 
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cylinders motion is non-linear, largely because of the forces applied by 
the relative extension and motion of its neighbours. 
This thesis presents an open-loop solution for controlling the surface 
dynamically and in real-time.  The main challenges include design and 
construction of a physical rig, and developing an accurate model and 
predicting the complex interaction between cylinders, for any static or 
dynamic state. 
To achieve this the thesis will explore various methods of mechanical 
design, electronic control, software design and human interactivity for a 
number of practical applications such as rapid mould development, 
simulation, and visual advertising.  In later chapters, the focus shifts 
from mechanical design to methods for modelling the kinematics of a 
large dynamic highly interconnected pneumatic piston matrix and the 
development of control algorithms capable of handling the many 
unknown system variables.  The contribution of this thesis is the 
exploration and offering of a solution to controlling interconnected 
pneumatic systems in an open-loop manner using kinematic modelling 
and model validation. 
The outcome of the thesis shows that it is possible to accurately predict 
the motion of, and control, a large number of highly interconnected 
pneumatic cylinders, for the purpose of 3-dimensional surface creation.  
It also shows that it is possible to control the programmable surface in 
near real-time, using a range of interactive inputs such as audio, video 
and motion capture, in addition to presenting pre-recorded dynamic 
surface patterns.  
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1 INTRODUCTION 
Chapter 1 provides an opportunity for the reader to understand some of 
the background information for this research, its motivation, as well as 
a break-down of the structure for the thesis. 
 
1.1 SCOPE OF RESEARCH 
The research reported in this thesis is based largely on experimental 
data, and simulations.  Although it would have been possible to focus 
on a theoretical model and conduct a small number of tests for model 
validation, the path chosen was to design experiments to validate 
theories and hypotheses at multiple steps.  This ensured the best 
possible outcome, and allowed many variants to be evaluated. 
 
1.2 MOTIVATION 
The motivation for this research has been to develop an accurate and 
repeatable control methodology for pneumatic cylinders operating both 
as a single actuator and also as single elements within a multi-cylinder 
network. 
The developed techniques can then be used within a large 
programmable display that can be used for advertising, manufacturing, 
and entertainment purposes. 
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1.3 PROBLEM FORMULATION 
In order to achieve the desired result, the objectives for the project 
needed to first be defined.  The programmable surface needs to be 
capable of displaying a range of images, including static frames, low 
frame-rate dynamic motion and high frame-rate dynamic motion.  To 
achieve the variety of motions, suitable actuators, controllers, materials 
and software need to be selected or developed.  The main challenge for 
this research has been to identify suitable system components and to 
develop an estimation model capable of accurately predicting the 
motion of the interconnected cylinders. 
 
1.4 THESIS OUTLINE SUMMARY OF CONTENTS 
In this thesis development of a large-scale, highly interactive 3-
dimensional programmable surface is presented.  The following 
subsections provide a summary of research presented in each chapter. 
 
Chapter 1 provides a scope of the work undertaken as part of this 
thesis, the motivation behind the research, and a brief description of the 
each of the chapters and their content. 
Chapter 2, titled “Review of programmable systems and their 
actuators” introduces the challenges associated with the design, control 
and practicality of an interactive 3D surface.  Actuator selection proves 
to be one of the most critical choices when designing such a surface and 
various methods of achieving motion, including the advantages and 
limitations are presented.  Chapter 2 presents a critical summary of 
existing actuators and control systems, in the context of the thesis aims. 
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Chapter 3, titled “Hardware and Mechanical Design of the 
Programmable Surface”, provides extensive detail of the mechanical, 
electrical and pneumatic system elements.  It explores component 
selection from a perspective of theoretical requirements, as well as 
practical suitability for both the initial construction and also long-term 
operational sustainability.  This includes actuator and controller 
selection, valve selection, computing requirements, frame design and 
manufacture, pneumatic air supply and plumbing, system safety and 
performance under various conditions. 
Chapter 4, titled “Characterisation of a single cylinder”, lays the 
mathematical foundation for the system model.  Chapter 4 focuses on 
characterisation on a single double-acting pneumatic cylinder, based on 
measured data captured over a range of tests.  The single cylinder 
model attempts to establish a reliable model that can be used to 
accurately and repeatedly predict the behaviour of cylinder given a 
known set of input parameters.  Inputs to the single cylinder model 
include: air pressure, valve state, time, temperature, external radial and 
lateral loads and start and end positions.  The valves and cylinders are 
pushed to their limits in order find the minimum repeatable step size, 
maximum acceleration and number of operational cycles. 
Chapter 5, titled “Characterisation of the programmable surface”, 
extends on the findings from the single cylinder model by expanding the 
system to a multi-cylinder model.  The cylinders are connected in two 
ways – neighbouring cylinders are linked physically by a deformable 
surface that provides varying levels of tension on the rod, and they are 
also linked through the use of a common air supply.  This allows a 
cylinders movement to be effected by the motion of cylinders both 
nearby and those that are mechanically isolated.  The multi-cylinder 
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model investigates the complex relationship between a central cylinder 
and its neighbouring cylinders, for a range of situations. 
Chapter 6, titled “Surface control strategy”, explores the controllability 
for the surface.  Obviously having a surface that behaves in the desired 
way is only half the story – an appropriate control system and means 
for formatting and transmitting this data is required.  Chapter 6 
investigates methods for composing this data and framing it in a format 
suitable for interpretation by the programmable surface controller.   
Chapter 7, titled “Interactive surface testing and model validation”, 
starts to evaluate the performance of the system as a whole, in addition 
to considering the different devices and interfaces that can be used for a 
person to interact with the surface.  It considers methods for developing 
pattern files that can be displayed on the 3D surface, patterns that need 
to be designed in such a way as to take advantage of the unique display 
medium.  These patterns can be created by manually producing frames 
the contain positions of each of the cylinders, however this is obviously 
a tedious way of creating the files.  A method using image processing 
allows users to draw simple grey-scale shapes that can then be 
automatically converted to a 3D image, based on shade.  Additionally 
mathematical functions can be used to generate patterns such as 
animated lines, rings and words that move about the surface.  Real-time 
inputs such as touch pads, audio and video streams, or randomly 
generated patterns can all be used to generate the content to be 
displayed. 
Chapter 8, titled “Conclusion and future work”, provides a summary of 
major findings and detail of the capabilities and limitations of the 
developed programmable surface.  Also included are recommendations 
and areas of the research that could be explored to improve 
performance for either the mechanical or software components. 
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2 REVIEW OF PROGRAMMABLE SYSTEMS AND 
THEIR ACTUATORS 
 
While industry continues to realise performance gains from increase 
automation of repetitive and labour intensive tasks, the technology 
behind individual actuator control in large-scale arrays has idled.  The 
current school of thinking seems to be that adding intelligent position 
monitoring technology to individual actuators to achieve accurate 
control is mandatory even when the actuator in question is expensive 
and arguably excessive for the task at hand.   
This section highlights advances made in the field of open-loop multi-
actuator control, specifically relating to large-scale surface formation.  A 
comparison of actuator technologies, sensor methodologies and 
application areas are highlighted.  It should be noted that the idea of 
surface formation using multi-actuator arrays is not new, however the 
implementation is.  This, largely due to cost, reliability and 
technological risk has restricted research into the field considerably.  
 
2.1 APPLICATIONS OF MULTI-ACTUATOR SURFACES 
While traditionally constrained to the industrial environment in serial 
or parallel kinematic chains, multi-actuator systems can be combined in 
forms to achieve a myriad of functions outside of industry.  Surface and 
shape formation has been considered for many applications in flight 
control, architecture and art, aircraft test, structural analysis and 
possibly the most advanced commercially, as a reading aid for the blind. 
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The military has been researching programmable surface technology for 
decades, starting with adaptive wing surfaces for aircraft through to 
missile surface control to introduce or reduce drag [1].  The field of 
vibration analysis has benefited from miniature multi-actuator surfaces 
[2] specifically in structural analysis.  MEMS technology has seen a 
proliferation of multi-actuator co-operative systems [3-10].  Parlasj et al 
has discussed micro-electronic hardware control of a vibration surface 
for aircraft/aerospace vibration analysis and control [1], Yue et al has 
developed a photovoltaic multi-DOF MEMS actuator to transform 
narrow-band photonic energy to mechanical strain/stress for a photo 
deformation effect [11].  Multi-actuator systems can be applied for 
tactile force-feedback for haptics applications such as those presented by 
[5, 10, 12].  Significant research has related to surface shape formation 
in astronomy.  Ground based tale-scopes suffer from the effects of 
atmospheric distortion due to anomalies in Earths atmosphere.  A beam 
forming technique researched by Gue et al uses a series of micro-pistons 
for shaping a large array of micro mirrors [6].  Similarly, Robinson et al 
[13] developed a series of electrostatic actuators for a twelve-node 
membrane.  Probably the most prolific use of multi-actuator technology 
however is Braille. 
Invented in 1829, Braille is a tactile code that replaces printed 
characters with a pattern of raised dots to provide feedback to a 
fingertip [14].  A low-resolution 2 x 3 matrix of raised dots forms each 
Braille cell to encode a character of group of characters.  The success of 
Braille over other forms of tactile code is due to the efficiency of which 
it is read, but also the relative simplicity of generating the raised Braille 
itself, necessary for the development of literacy [15]. 
Braille is generally produced on paper with specialized printers, 
resulting in highly readable but bulky documents that deteriorate with 
 24 
use. Digitized content can alternatively be read on refreshable Braille 
displays, which present a line of forty or eighty electromechanical 
Braille cells. Each Braille cell consists of a 2 × 4 matrix of dots actuated 
by cantilevered piezoelectric bending motors [16]. While commercially 
available for many decades, refreshable Braille displays have proved 
effective but expensive due to the large number of actuators required to 
activate every dot.  Although desirable, full-page Braille displays are 
economically unviable with this actuation technology. 
 
Figure 1  Typical Digital Braille Display Actuator (L)i, Digital Braille Display Device 
(R)ii 
 
Improvements to traditional piezoelectric Braille generating displays 
have been undergoing development for decades.  Technologies such as 
solenoids [17], flappers [18], shape memory alloys [19], electro-rheological 
fluids[20] and bimetallic strips [21] have been trialled as an alternative 
for medium-format Braille displays, but as yet have been unsuccessfully 
marketed due to cost. 
Large-scale surface control has traditionally been applied in both the 
military and for structural analysis. Such systems are relatively large 
and are ineffective at low frequencies [1]. Most existing programmable 
                                     i!http://www.cim.mcgill.ca/~jay/index_files/research.htm!ii!http://www.seikabraille.com/!
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surface systems to date are composed of actuators that are not highly 
interconnected therefore they require no model of interconnecting 
properties to establish elastic surface behaviour. By introducing an 
elastic property to the programmable surface, it is possible to produce 
uniformity and smoothness of the supplied pattern at the cost of higher 
processing overheads in order to establish accurate position control of 
individual actuators. 
Artificial skins have been developed and studied for multiple 
applications in both medical and robotics communities to enable the 
recreation of palpation [22]. The main drawback of these products is 
their physical properties differ to that of human skin.  This difference 
has been observed for dynamic characteristics of artificial skins such as: 
stress-strain behaviour, nonlinearity and hysteresis [22]. Unfortunately, 
from a material science perspective, it is difficult to provide all the 
required properties in a passive solution [23]. To reduce the difference, 
one idea has been to add an active control method to artificial skin in 
order to exhibit a more natural reaction. This technique can be applied 
to humanoid robotic hands or to replace rubber mannequins in surgical 
simulators.   This surface deformation can be achieved by using a 
matrix of micro actuators within the artificial skin to produce an active 
skin. Matrices of sensors [24, 25], actuators [26, 27], and controllers have 
been used in distributed systems in different applications for several 
years. 
 Arrays of actuators have been deployed for surface and volume shaping 
applications in the past, but not in the area of active skin shaping. 
Usually actuator scale of systems with multiple individual nodes is at 
least two times larger than the size of the actuators. The desired output 
cannot be produced by a small number of independent actuators 
therefore there are cases in which the output is required to be spatially 
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distributed. For instance, providing a distributed profile of force or 
pressure requires multiple actuations [28].  Resolution of the 
force/pressure profile depends to the ratio of one node size relative to 
the system output size, keeping in mind that each node has an 
independent actuator. 
Interaction between adjacent nodes can cause instability, which is 
difficult to control within the system. In [29], a robust control system is 
proposed for multiple micro-electric mechanical systems (MEMS).  An 
array of piezoelectric MEMS is used for plate vibration in [30].  Each 
actuator is dampened against conjoining actuators via the control 
system.  Experiments reported in [31] have demonstrated distributed 
control of a MEMS system. In [32], capacitive MEMS has been 
modelled and used for the control of a mirror shaping system for an 
optical application. In [33], a surface shaping system using distributed 
controllers have been reported. In [34], intelligent control of MEMS 
actuators has been studied. Other applications for arrays of MEMS 
actuators and their control systems for fluids and pneumatic system 
have been studied in [35, 36] whereby an array of MEMS valves has 
been controlled in near real-time.  
 
2.2 ACTUATOR SELECTION 
An actuator in its broadest definition is a device that produces linear or 
rotary motion from a source of power under the action of a source of 
control.  Actuators generally take fluid or electricity and convert it 
through a motor, piston or other, similar device to perform work.  
There are many methods for achieving linear motion from an actuator, 
such as linear servos, lead screws, rack & pinion actuators, speaker-coil 
actuators, hydraulics and pneumatics.  Each actuator design maintains 
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its own inherent advantages and disadvantages.  The following section 
highlights some alternative ways in which linear motion can be achieved 
and ultimately, why pneumatic actuation was chosen for the 
construction and development of the real-time surface. 
 
2.2.1 ELECTRICAL 
Electric linear actuators are perhaps the most well-known and 
implemented form of actuation when closed loop position control is 
required.  Generally, electric linear actuators employ an electric rotary 
motor connected to a lead screw or other linkage to convert rotatory 
motion to linear translation, which results in complications including 
backlash and increased mass of the moving parts due to connection 
linkages or gears.  There are many types of motors that can be used in 
a linear actuator system. These include dc brush, dc brushless, stepper, 
or in some cases induction motors.  For electromechanical linear 
actuators used in laboratory instrumentation, robotics, optical and laser 
equipment, or X-Y tables, fine resolution and high accuracy is possible 
using stepper motors or linear actuators with a fine pitch lead 
screw.  Electric linear actuators have traditionally been slower than 
their fluid based counterparts, however this is changing with the 
introduction of direct drive linear actuators.  These actuators use a 
series of magnets and coils along the length of the actuator to achieve 
motion in a similar way to that of a stepper motors rotary 
motion.  While the new generation of direct drive linear actuators are 
faster and have limited areas where wear occurs, they are difficult to 
control, require a large amount of power and require bulky 
enclosures.  They are also prohibitively expensive due to the amount of 
magnet material and their novelty at this time.  To achieve best 
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performance, electric linear motors require a feedback loop outside of 
the device.  In general, several wires are required in addition to the high 
power motor drive wires.  When scaled, this wiring becomes a failure 
point thus reducing system reliability. 
 
2.2.2 PERMANENT MAGNET ACTUATORS 
For a system that requires linear motion, linear actuators show 
advantages in terms of efficiency, thrust control, and system volume[37].  
Particularly, linear actuators can greatly simplify the drive mechanisms, 
which is crucial to the compactness of the systems. Moreover, 
application of powerful permanent magnet permanent magnet materials 
and advanced control strategies can result in higher force-to-volume 
ratio, better performance, and less cost of the machines.  Among various 
linear machine configurations, permanent magnet tubular machines 
excitation have a number of distinctive features, such as high force 
density and excellent servo characteristics, which make them an 
attractive candidate for those applications in which dynamic 
performance and reliability are critical[38]. 
 
2.2.3 PNEUMATIC CYLINDERS 
Pneumatic actuators offer many advantages for position control 
applications: they are generally inexpensive, offer high power-weight 
ratios, ease of maintenance, cleanliness, good safety, readily available 
and cheap power source.  Pneumatic actuators are, however, subject to 
high friction forces, dead-band due to static friction and dead time due 
to the compressibility of the air. These nonlinearities make accurate 
position control a challenging control problem. 
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2.3 PNEUMATIC CONTROL METHODOLOGY 
Traditionally, pneumatic cylinders were controlled using inexpensive 
on/off valves or bang-bang control when simple linear movement was 
required[39-42] or, alternatively, pneumatic cylinders were controlled 
using proportional servo valves [43] when accurate position control was 
required.  Nowadays, with the advent of a pulse width modulation 
(PWM) technique to drive on/off valves, airflow is regulated to allow 
precise position control using low cost valve manifolds.  This approach 
to accurate position control is not without problems however.  On/off 
valves have reduced lifetime due to high cycle rates and increase loading 
on the control systems significantly. 
Van Varseveld et al[39], proposed a PWM valve pulsing algorithm to 
drive on/off solenoid valves rather than using the costly proportional 
servo valves.  The system was billed as fast, accurate and inexpensive.  
In addition to developing the control methodology, Van Varseveld 
achieved control of two on/off valves with a single control output.  The 
relationship between the output control and the velocity of the cylinder 
is linearized.  Wang et al [42] proposed a control methodology using two 
on/off valves to drive cylinders at a faster update rate.  Shen eta al[41] 
developed the idea of a pneumatic actuator controlled by a pair of 
three-way solenoid actuated valves to transform a PWM controlled 
nonlinear system into an equivalent nonlinear system that is both 
continuous and affine in control input.  Nguyen et al [40] developed an 
inexpensive pneumatic control system for linear motion using a series of 
four on/off valves.  Nguyen agreed with Van Varseveld that establishing 
a linear relationship between valve timings allowed a nonlinear 
pneumatic system to be controlled with high fidelity. 
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Rosa-Flores[44] proposed a new approach to linearising the dynamics of 
pneumatic pistons by improving the dynamic model and optimising 
trajectory planning.  As in [39], Rosa-Flores used two on/off solenoid 
valves to construct a linear model of a double pneumatic cylinder.  The 
duty of the PWM signal used to control the valves is determined by a 
polynomial function in turn derived by an optimization scheme.  The 
polynomial function gives an optimal linear approximation of the piston 
response to allow a non-linear system to be approximated as a linear 
function for outer-loop control. 
 
2.4 TOWARDS OPEN-LOOP CONTROL 
In order to develop a cost-effective multi-actuator control system, the 
system design must lend itself towards a linear input/output 
response.  By achieving system linearity, it becomes possible to use an 
open-loop control scheme for individual actuator control, decreasing cost 
and computational complexity significantly. 
A sound knowledge of friction forces within pneumatic actuators is an 
important step towards obtaining precise control and effective 
control.  Experimental results have shown [45-47] that obtaining the 
characteristics to Static friction, Coulomb friction, Stribeck friction and 
viscous friction within pneumatic cylinders is relatively 
simple.  Developing models of the nonlinear systems is not quite as 
straight forward however. 
Many studies have been completed in the comparative study of 
frictional behaviour of double-acting pneumatic actuators for industrial 
use.  In general, the main nonlinearities in pneumatic servo positioning 
systems are air flow-pressure relationships through valve orifices, the air 
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compressibility and friction effects between contact surfaces in actuator 
seals and air leakages. Vieira [48] and Nouri et al. [49] suggest that the 
most complex non-linearity in pneumatic position servo systems is the 
actuator friction force.  These forces make position control more 
difficult because they cause steady state position and trajectory tracking 
errors, limit cycles around the desired position (hunting) and stick-slip 
movements. 
A thorough knowledge of pneumatic actuator friction and development 
of mathematical models to represent friction and output shaft loading in 
a suitable way will contribute to increase the use of open-loop 
pneumatic actuators in positioning tasks. Valdiero et al. [50] and 
Perondi [51] presented a ‘complete’ friction model to pneumatic 
actuators with this goal in mind.  A more comprehensive approach is 
presented by Belforte et al. [46], where experimental results are used to 
identify experimental frictional force coefficients and to calculate 
actuator friction force. These coefficients were presented as a group of 
tested pneumatic cylinders and experiments were carried out with 
various constant supply pressures values.  
Credited as the first theoretical basis of pneumatic system dynamic 
control was Shearer in 1956 [52] in which the dynamic of pneumatic 
system was derived. In this research nonlinear differential equations as 
well as a linear mathematic model of pneumatic double rod cylinder 
attached to a 4-way servo valve was developed and subsequently 
analysed in detail. The nonlinear differential equations was theoretically 
derived based on energy conservation law, continuity equation, ideal gas 
state equation, mass flow rate and Newton’s second law. Whereas, to 
obtain the linear mathematical model, several assumptions were took 
into consideration by Shearer where the coulomb fiction and nonlinear 
static are neglected. Moreover, the piston position is about in mid-
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stroke position whilst the variation of the spool is assumed sufficiently 
small. 
Burrows [53, 54] continued to work on Shearer’s model to investigate 
the effect of the system for different positions and then provided a 
model for the whole or actuator stroke.  The resultant model indicates 
an improvement where the performance of the system operating in any 
other position is more stable compared to Shearer’s earlier model. By 
using the same description model presented in [52-54], an approximate 
third order linear model was formulated by Hamiti et al. [55]. This 
researched developed a system which was modified by adding an 
analogue feedback with proportional gain in which this gain is tuned 
until critically damped is obtained in order that a third-order model 
transfer function can be considered as being composed of three first-
order systems in series with some amount of dead time. 
In order to reduce the cost of pneumatic servo drives, a microprocessor 
based control design was initiated in the late 1980s Ali et al. [56]. 
Research on pneumatic position control showed significantly growth in 
1990s due to many control strategies that have been investigated to the 
system such as PID control, PD plus, sliding mode control, robust 
control, adaptive control, PWM control and others Cheah et al. [57] 
Friedland [58], Lai et al. [59], Song [60] and Wang et al. [61]. 
Subsequently, the more advance control strategies such as fuzzy logic 
control, neural network and others were aggressively investigated and 
applied begin on the early of 2000s onward.  
Once the frictional factors of the cylinder itself are understood to a high 
degree, an open-loop control model can be implemented. 
Recent work [62-64] demonstrated that the application of nonlinear 
robust control techniques is a necessity for successful operation of 
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pneumatic systems. Although a PID (Proportional, Integral, Derivative) 
controller is still the most widely used approach due to its ease of 
implementation, the need for overcoming the highly nonlinear cylinder 
response makes classical PID controllers ineffective nowadays [65]. 
Modern control techniques were therefore designed and tested with 
pneumatic actuators in order to improve the performance of the system 
as a whole considering position accuracy and repeatability as the two 
main performance characteristics. Fuzzy logic control, neural networks 
method, adaptive control, self-tuning or gain scheduling, sometimes 
classed as “Soft Computing” techniques, are approaches that many 
researchers [65-69] have implement in the recent past in an attempt to 
build a robust controllable open-loop pneumatic system. 
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3 HARDWARE AND MECHANICAL DESIGN OF THE 
PROGRAMMABLE SURFACE 
Chapter 3 systematically explores the fundamental pneumatic, electrical 
and mechanical components necessary to make the system function. 
To achieve high performance as a system, each needs to be carefully 
selected and designed for the task at hand.  Primarily, the 
programmable surface is required to position the mounting points of the 
skin at specific locations, at specific times.  Failure to do so would 
result in an undesired surface geometry, and could likely result in 
damage. 
 
3.1 DESIGN OF MECHANICAL RIG 
The mechanical design component is limited to the structure used to 
mount and support the cylinders in place.  It is made from a 
combination of riveted and welded extruded aluminium sections and 
laser-cut sheet.  The design gives adequate strength while allowing some 
flexibility. 
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Figure 2  Assembled Panel 
 
Each module supports the weight of itself and all included components, 
such as cylinders, valve manifolds, joinery and frame components.  The 
outermost cylinders are offset by 125mm from the edge of the module.  
This allows multiple modules to be stacked either next to, or on top of 
one another while maintaining the standard 250mm centre-to-centre 
distance between each neighbouring cylinders.  In the event that many 
modules need to be stacked, additional scaffolding can be added to 
ensure mechanical stability. 
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Figure 3  Concept Drawing of Cylinder with Spring Mounts 
 
Figure 3 shows the components used to mount the front of the cylinder 
to the frame.  A custom disc is screwed to the front of the cylinder’s 
pneumatic brake.  Four evenly spaced springs then connect this disc to 
the front panel, centring it within the cut out and allowing lateral 
movement. 
 
It is important that the cylinders are not hard-mounted onto the frame.  
When neighbouring cylinders are at equal extensions, a tension is 
applied evenly around the end point of the cylinder.  The only 
unbalanced force is that applied by gravity pulling down on the surface, 
which results in minor lateral translation at the cylinder tip.  This 
changes if there is a difference in extension between neighbouring 
cylinders.  The forces created by the stretched skin can cause significant 
lateral movement at the cylinder tip.  Although the cylinder can 
tolerate some of this movement, continued operation under these 
conditions result in wearing of the bush at the front of the rod, and 
ultimately breakdown of the pneumatic seal. 
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Figure 4  Rod Deformation - Fixed Actuator (Red), Sprung Actuator (Blue) 
 
A comparison of rod deformation is shown in Figure 4.  A hard 
mounted cylinder, shown in red, results in a significant bend in the rod, 
resulting in rapid component wear.  The spring-mounted cylinder, 
shown in blue, alleviates much of the lateral deformation of the rod 
through the displacement of the cylinder body itself.  This results in 
significantly less bending of the rod, and much reduced wear. 
 
3.1.1 SELECTION OF CYLINDER MOUNTING-SPRING 
To select a suitable spring, the worst-case scenario was considered; 
whereby neighbouring cylinders are a full stroke apart.  To calculate the 
greatest force, it was assumed that no lateral translation occurred at the 
cylinder tip. 
Figure 5 shows two neighbouring cylinders, one fully extended and the 
other fully retracted.  In this state, the skin applies a tension of 86 N.   
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Figure 5  Mounting Spring Diagram 
  !!!"#$ = !!"#$!"#$, where   Equation 1 
Equation 1  Skin resultant force calculation 
  !! = 86!! 
  ! = !"#!! !"#!!!"#!! ≅ 54.4° 
  ∴ !! !!!"#$ = 50! 
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Figure 6  Spring Force 
 
For the purpose of this calculation, the base of the cylinder can be 
considered a free-spinning rotary joint connected to ground.  A force 
applied at the cylinder tip, !!!"#$, resulting in a torque about the base.  
The following equation can be used to determine the force applied to 
the spring. 
  ! = !" 
  ∴ !! !!!"#$. !1 = ! !!!"#$%&. !2 
  !!!"#$%& = !!!!"#$ !!!! 
  !!!"#$%& = 50! !.!"!!.!"!! 
  = 86.4! 
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Figure 7  Cylinder in Resting Position 
 
Now consider two cases, one whereby the cylinder is in a centred state, 
shown in Figure 7, and the second where it has been pulled to its 
maximum physical limit, shown in Figure 8.  The maximum allowable 
movement either up, down, left or right is 20mm.  To avoid the system 
damaging itself, the force applied by the 4 springs needs to capable of 
balancing or exceeding the maximum external force exerted by the skin. 
 
 
Figure 8  Cylinder in Extreme Lateral Loading Position 
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When centred, each spring provides an equal force that cancels one 
another out resulting in zero applied force on the cylinder.  At the 
extreme physical limit, the springs need to be capable of applying at 
least 86.4N, as calculated previously. 
 
 
Figure 9  Mounting Springs Force Components 
 
Figure 9 shows the force components exerted by each spring.  The 
resultant force vector of the 4 springs can be calculated using the 
following formula: 
 
! = !!!!"#!! + !!!!"#!!!!!!!!!!  
Equation 2  Resultant force vector from mounting springs 
 
Due to the direction of motion, the resultant force vector !!!!"#!!!!!!  sums to zero.  Because the spring above and below of 
 
Equation 2 
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the cylinder are mirrors of one another, the ‘x’ components can be 
simplified to the following equation. 
  ! = 2 !1!!!"!! + !!3!!"#!!   Equation 3 
Equation 3  Force vector from mounting springs, simpllified 
At the extreme physical limit !! = 52° and !! = 44.7°, which gives: 
  ! = 2 0.79!×!!1! + !0.70!×!!3!  
  = 1.58!×!!1! + !1.40!×!!3! 
To balance the force applied by the skin and frame, we know that ! 
needs to be approximately 86.4N.  Considering that they are pulling in 
opposite directions, we therefore have: 
  1.58!×!!1! − !1.40!×!!3! ≈ 86.4! 
We can substitute the formula ! = −!", which gives: 
  1.58!×!−!!! − !1.40!×!−!!! ≈ 86.4!, where 
  !! = ∆! = ! 100− 70.7! + 50.7! = 13!! = 0.013!, and 
  !! = ∆! = ! 100− 70.7! + 90.7! = 15!! = 0.015! 
  ∴ !k = !".!!!.!"!#! != !2080Nm!! 
Having investigated the available springs with the required dimensions, 
one was selected which was an exceptional match.  The force vs. 
deflection curve is showed in Figure 10.   
 
 43 
 
Figure 10  Force vs Extension for Selected Mounting Spring 
 
The selected spring is a helical tension spring.  As can be seen in Figure 
10 it requires approximately 30N to be applied before it starts 
deflecting.  It has a near linear deflection curve after this point.  The 
performance of the spring can be described by the following formula: 
  !!"!#$ = !−!" + !!"!#!$%   Equation 4 
Equation 4  Formula for calculating spring force 
 
The ′!′ value was measured experimentally by hanging standard 
weights from a spring and measuring the deflection.  To reduce the 
influence of manufacturing inconsistencies, the experience was repeated 
with 10 random springs, and repeated twice for each spring.  Results 
were then averaged and the data used to calculate the spring constant. 
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Although the spring’s natural length is 80mm, the deflection was found 
to be approximately linear in the range of 82.5-105mm so two points 
within this range were used to calculate the spring constant. 
  −! = !! 
  −! = !"!!!"!!.!"#$!!!.!"#$! 
  −! = 2109.7Nm!! 
The spring constant of the selected spring matched almost perfectly for 
the application.  By combining Equation 3 and Equation 4, and 
considering the direction in which each are applying tension, the 
resultant applied force by the 4 springs to the cylinder at the maximum 
allowable translation can be shown as: 
!!"!"#$%&$ = 2!"#!! !!! + !!"!#!$% − !2!"#!! !!! + !!"!#!$%   Equation 5 
Equation 5  Maximum force to fully displace mounting springs 
 !!"#$%&'(& = 2!×!!"#52°!×! 2109.7!×!0.115+ 30! − 2!×!!"#44.7°!×! 2109.7!×!0.087+ 30!  
  ∴ !!"#$%&'(& = 131! 
These springs satisfy all design specifications, delivering reasonable 
resistive force to the cylinder that will allow the skin to deform, and an 
appropriate safety factor to prevent cylinders from colliding with the 
frame. 
 
3.1.2 SELECTION OF RUBBER END-MOUNT 
To allow the cylinder body to translate at the front, a suitable mount 
at the base is required.  A dual-threaded rubber end mount is used to 
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allow this motion.  It allows lateral, axial and angular deformation.  In 
addition to providing a flexible base, it also acts as a shock absorber to 
reduce the effect of the cylinder hitting an end stop, and also reduces 
audible noise. 
 
 
Figure 11  Rubber Mount at Base of Cylinder 
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Figure 12  Angular Deflection of Rubber End-Mount 
 
Given the relatively small deflection of the cylinder, the angular 
deflection is minimal, as shown below. 
tan!! ≅ ! 0.020.515 
Equation 6  Deflection of rubber mount 
  ! < 2.5° 
Most rubber mounts are more than capable than providing this range of 
motion.  The mount used for construction was tested for more than 
500,000 full-stroke cycles, with each cylinder hard-hitting the end stop. 
 
  
 
Equation 6 
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3.2 PNEUMATIC CONTROL SYSTEMS PERFORMANCE AND 
SELECTION 
Figure 13 shows a schematic of the pneumatic components.  Two ‘flows’ 
can be considered to occur within the system – the first is the 
pneumatic pressure that is generated at the Compressor, and the second 
is the flow of control data, which originates at the Supervisory 
Computer.  The two streams come together at the Valve Manifold that, 
in turn, results in the air pressure and PLC signals directing the motion 
of each cylinder. 
 
Figure 13  Simplified Pneumatic System Schematic 
 
Cylinder motion is affected by many cumulative factors including 
compressor pressure, accumulator size, pneumatic line diameter, value 
reaction speed and flow rate, etc.  In order to specify the requirements 
for each of these, it was important to first understand the performance 
requirements for the cylinder.  Once this had been determined, it is 
possible to work backwards and find suitable components. 
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Preliminary testing determined the approximate performance 
requirements for the actuator, however this needed to be refined for the 
physical system.  A computer-based graphical simulator was developed 
that rendered an animation of the approximated physical display.  
Actuator parameters such as acceleration, maximum speed and centre-
to-centre spacing could each be independently varied to find a 
combination that provided smooth and suitably responsive motion. 
An example of the generated frames can be seen in Figure 14.  In this 
image, a fully retracted cylinder is represented in black, and a full 
extended cylinder by white.  The full stroke is broken into 16 equal 
steps, represented proportionally by shades of grey. 
 
Figure 14  Performance Simulator 
 
Through observation, it was determined that cylinders are required to 
be capable oscillating at a minimum of 2Hz.  This speed offers motion 
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that looks smooth and sharp.  A slower response resulted in the pattern 
appearing to drag along the surface.  Movement much faster than could 
be perceived as being violent or dangerous. 
Through experimentation and simulation, the corresponding optimal 
stroke was found to between 300-400mm.  This allowed reasonable 
viewing angle, pronounced facets, and within the acceptable operating 
characteristics for the test skin. 
Pneumatic actuators are inherently flexible in their design.  Varying the 
driving air pressure can easily modify their performance, such as speed 
and force.  With maximum frequency and optimal stroke determined, 
the centre distance needed to be found.  As part of early research and a 
previous prototype system, a flexible skin was developed.  This skin had 
mounting points located in a linear array, with centre-to-centre offsets 
of 250mm in the x and y direction.  In order to use the existing skin, 
the actuator spacing was kept to match. 
 
3.2.1 CYLINDER SELECTION 
There are many cylinders available that would be equally suitable for 
use within the system.  Here we investigate the performance required in 
order to achieve the desired motion.  A mathematical characterisation 
model of the cylinder and other system components is presented in 
Chapter 4. 
An off-the-shelf cylinder has been selected as it is readily available, 
inexpensive, and has been tested and proven suitable in previous 
prototypes of this system.  The chosen cylinder is a M100-020-0350/55 
manufactured by Univer.  The cylinder is fitted with a pneumatic 
brake, also manufactured by Univer, part number L1-N02008.  
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Figure 15  Selected Pneumatic Actuator 
 
Cylinders are the actuators of the surface. They convert compressed gas 
power to produce a force. These forces will result to linear motions.  
Double acting cylinders can provide reciprocating linear motion that is 
very common in automation industry for repetitive tasks.  The used 
cylinders are shown in Figure 15. 
The double-acting pneumatic cylinder used in the design of the 
programmable surface is composed of 6 main subcomponents.  These 
components are shown in Figure 16. 
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Figure 16  Double-Acting Pneumatic Cylinder Components 
1) Pneumatic brake assembly  2) Cylinder rod  3) Cylinder body 
4) Retract inlet  5) Plunger  6) Extend inlet 
 
Inside the cylinder body, there is plunger that provides the differential 
pressure surface.  As a differential pressure is applied to the inlets, a 
force is created on the plunger.  The cylinder rod translates this force 
from the plunger to the externally connected device.  Figure 17 shows 
the internal pressure surfaces that make up the rod and plunger 
assembly. 
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Figure 17  Double-Acting Pneumatic Cylinder Internal Pressure Surfaces 
 
1) CSA of cylinder rod (cut-away)  2) Plunger effective area (retraction) 
3) Plunger effective area (extension) 
 
The resultant force of any applied pressure can be calculated using 
Equation 7. 
  ! = !!!! − !!!!   Equation 7 
Equation 7  Force applied by cylinder 
  !:!!"#$%!!""#$%&!!"!!"#!(!) 
 
 !!:!!"#$$%"#!!""#$%&!!"!!"#!$%&$'!!"#$!!"!!"#$%&'!(!!!!) 
  !!:!!""!#$%&!!!"#$%&'!!"#!!!"!!"#!$%&$'!!"#$!(!!) 
 
 !!:!!"#$$%"#!!""#$%&!!"!!"#!$%#&'(!!"#$!!"!!"#$%&'!(!!!!) 
  !!:!!""!#$%&!!!"#$%&'!!"#!!!"!!"#!$%#&'(!!"#$!(!!) 
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Each of the effective plunger areas can be defined as: 
  !! = !!!! 
  !! = !!!! − !!!!! 
  
 
Figure 18  Double-Acting Pneumatic Cylinder Internal Pressure Surface Dimensions 
 
For a standard double-acting cylinder, the retracting force will always 
be weaker than the extending force.  This is a result of the rod 
essentially removing its equivalent cross-sectional area (CSA) from 
effective pressure area.  Substituting actual values of the into Equation 
7 gives: 
 
  ! = !!!!!! − !!(!!!! − !!!!!) 
  = !!!!!×!1!×!10!! − !"!!(1!×!10!! − !0.16!×!10!!) 
 
When retracting, the pressure on the extend inlet (see Figure 21) is 
vented to atmospheric pressure.  The reduces the effective force 
equation to: 
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  !! = !! !×!2.64!×!10!!    Equation 8 
Equation 8  Formula for retracting force 
Similarly, when extending the pressure on the retract inlet is vented to 
atmospheric pressure, giving the equation: 
 
  !! = !! !×!3.14!×!10!!   Equation 9 
Equation 9  Formula for extending force 
As shown in Equation 1, the skin provides an axial loading on the 
cylinder of up to 50N.  The minimum pressure required to overcome 
this can be found by substituting this force into Equation 8, giving: 
 
!! = 50!2.64!×!10!!! ! 
Equation 10  Minimum pressure at cylinder 
  = 189!"!!! 
  = 189!"# 
 
Even with the full force of the skin acting against it, at full pressure 
(1MPa) the cylinder is capable of accelerating a 1kg payload at 214!!!!, as shown below. 
 
  ! = !!"   Equation 11 
Equation 11  Maximum force per cylinder 
 
Equation 10 
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  !!"# != !1!"#!×!!2.64!×!10!!!! 
  = !264! 
This is the maximum force the cylinder is capable of supplying in both 
directions at its maximum pressure input.  Taking into account the 
force to overcome skin loading, a 214N surplus remains. 
If a sinusoidal motion is assumed, the maximum payload can be 
calculated using the surplus force and the 2Hz oscillation frequency 
defined in Section 3.2.  Peak acceleration is defined as: 
 
!!"#$ != !2!!!! △ !!  
Equation 12  Peak acceleration for sinusoidal motion 
  = ! !!!!!!×!!.!"#!.!"##$  
  = 27.6!!!! 
Applying the peak acceleration to Newton’s second law of motion, we 
find: 
!!"# != ! 214!27.6!!!! 
Equation 13  Maximum cylinder payload 
  = 7.75!"  
Equation 12 
Equation 13 
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For 500kPa input pressure, this value is reduced to 2.97!".  Similarly, 
increasing the oscillation frequency for 500kPa input pressure reduces 
the payload to just over 1.3!". 
The selected cylinder was also tested for its ability to endure the 
mechanical wear caused from many cycles with lateral loading on the 
cylinder tip.  Springs were used to apply approximately 60N of force on 
the cylinder when it was at full extension, slightly more than what 
would be expected from the skin.  The cylinder was instructed to 
repeatedly complete full stroke cycles.  The test lasted for over 50hrs, 
and completed 129,875 full cycles.  Cycles were measure using an 
inductive sensor attached to the cylinder body and incremented the 
counter every time the plunger passed it.  The sensor was mounted at 
one end, to avoid being triggered twice per full cycle.  A digital counter 
was also built that was capable of counting up to 99,999,999 cycles. 
Following the test, the cylinder was visually inspected for mechanical 
wear and air leaks.  Although a small amount of residue from the front 
bush was found, the cylinder did not suffer anything more as a result of 
this test.  According to the datasheet, the cylinder is rated to a 
minimum of 2,000,000 cycles under full load.  When the surface is 
running at 5% continuous motion, this equates to over 15,000 hours of 
operation. 
 
3.2.2 SELECTION OF PNEUMATIC VALVE TO SWITCH AIR TO 
CYLINDERS 
It is important for the accuracy of the system that the valves operated 
in a consistent and predictable manner.  The selected valve is supplied 
by Univer, with the part number:  GM-664424.  The valves are 
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mounted as a group of 18 channels.  The first 12 are used in pairs, 
allows air to be supplied to either inlet of a cylinder.  The remaining 6 
valves operate singularly and are used for switch air the lock-units.  
Figure 19 shows a schematic drawing of the valves used. 
 
 
Figure 19  Schematic of 5/3 (5 port, 3 position) Pneumatic Valve 
 
The valves were chosen for two specific reasons.  The first is they allow 
the necessary flow rate.  Restricting the air flow significantly would 
have an adverse effect on the cylinder performance.  As shown in 
section 3.6, each cylinder requires a flow rate of at least 27.6!!"#!! to 
maintain a 2Hz full-stroke oscillation.  The selected valve body has a 
specified maximum flow rate of 670!!"#!!.  
 
Secondly, the GM-664424 model has a very similar reaction time for 
both opening and closing, as shown in Table 1. 
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Table 1 Manufacturer valve reaction times 
 
 
 
Figure 20  GM-664424 Valve Manifold Control Port 
 
The GM-664424 has a single control port that allows independent 
control of each of its 18 solenoids.  A DB25 connector gives access to 6 
common ground connections and the 18 control lines.  It provides a 
simple method of attachment, is mechanically keyed to avoid misaligned 
or backward insertion, and is a common, commercially available 
connector allowing easy replacement. 
 
Reaction Time Value Unit 
Opening (energising) 14 ms 
Closing (de-energising) 17 ms 
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Each connector is wired with the identical pin pattern, which means if 
there is a panel or manifold failure, it can be quickly and easily replaced 
without the need for electrical changes. 
 
 
Figure 21  System Schematic and Latency Map 
 
The schematic in Figure 21 shows a visually representation of where the 
system suffers from latency.  The air pressure being supplied to the 
manifold is kept constant via the compressor, accumulator and high-
diameter main feed air line.  The valve latency adds between 14-17ms 
depending on the direction of the cylinder, and the motion of the 
cylinder itself adds a further 11-20ms.  The effective latency for the 
entire system is approximately 25-34ms.  Although this may seem like a 
long time given the speed at which the cylinders move, the timing is 
predictable and consistent and thus, can be allowed for in the control 
algorithm. 
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Figure 22  Cylinder Reaction Speed After Step-Input to Valve 
 
The data presented in Figure 22 shows the effect of pressure on the 
time it takes for the cylinder to begin moving from the home position.  
For extending cases, the cylinder is returned to the home position and 
the brake is applied.  The brake is then released and the cylinder 
instructed to fully extend.  For retracting cases, the cylinder was full 
extended, then brake applied, then the brake deactivated and the 
cylinder instructed to full retract.  The time shown is the delay between 
the control valve receiving the move signal, and the moment that the 
cylinder first starts moving.  Each test was repeated 10 times and the 
maximum, minimum and average values shown.  Values for extending 
range between 24ms and 33ms, and between 43ms and 64ms for 
retracting, both following a logical trend whereby the reaction delay 
decreases as the line pressure increases.  In both cases, as the pressure 
increases the cylinder becomes quicker to respond, but the delay time 
for retracting is consistently longer then for the equivalent extending 
delay for the same pressure.  There are two factors that could result in 
this occurring.  The first is the length of air line used to connect the 
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extend inlet to the valve manifold is approximately 450mm longer on 
each cylinder.  In order to overcome the effect of static friction between 
on the plunger and inner walls of the cylinder, a minimum air pressure 
needs to be met.  The longer air line requires more volume to make this 
pressure. 
 
The secondary cause is the uneven pressure area of either side of the 
plunger, as shown in section 3.2.1.  The combination of extra air line 
and high air pressure required to overcome the effect of static friction 
could explain the observed results. 
 
 
Figure 23  Step Response for Varying Pressures on Valve Reaction Time 
 
The data presented in Figure 23 shows extension over time data for the 
same set of conditions, only with varying pressure. 
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Table 2  Key for Figure 23 
 
 
3.2.3 CYLINDER CREEP AND LOCK-UNIT SELECTION 
Depending on the method of control, double acting pneumatic cylinders 
can have an inherent desire to extend caused by an unbalanced internal 
pressure area.  For the controllable surface, the cylinders are controlled 
by venting one side rather than switching on pressure to the other, for 
the reasons discussed in section 3.2.2.  To reduce the positional 
discrepancy that results from the creep, pneumatic lock-units are fitted 
to the end of each cylinder.  Each lock-unit is individually controlled 
through a 3rd valve that can be switched independently of cylinder 
valves, as discussed in Section 3.2.2. 
 
Series Name 
Line Pressure 
(kPa) 
Lock Unit 
Used 
Data Sampling 
Frequency (Hz) 
202Ext Avg 400 Yes 1,000 
207Ext Avg 450 Yes 1,000 
212Ext Avg 500 Yes 1,000 
217Ext Avg 550 Yes 1,000 
212Ext Avg 600 Yes 1,000 
227Ext Avg 650 Yes 1,000 
232Ext Avg 700 Yes 1,000 
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Figure 24  L1-N02008 Pneumatic Brake Assembly 
 
Options for lock-units were limited as it needed to be compatible with 
selected cylinder.  A module supplied by Univer was chosen to minimise 
any integration issues.  It’s operating pressure was the same as the 
existing cylinders, and its locking force was sufficient to hold the 
cylinder in place. 
 
3.3 ELECTRICAL DESIGN 
The electrical system includes all the wiring from the controlling 
computer, to each of the pneumatic valves.  The data flow takes form in 
UDP over Ethernet and ultimately results to simple switched output 
signal from the PLC.  Detail of data flow is presented in the following 
sections. 
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3.3.1 PROGRAMMABLE LOGIC CONTROLLER 
The Programmable Logic Controller (PLC) controller provides the 
interface between the software running on the control computer, and 
the electrical outputs used to drive the pneumatic solenoids.  The 
control computer does not have enough output channels to switch the 
many cylinders, nor are they designed for switching the voltage and 
current required to activate the valve.  The PLC is used as the physical 
layer between software commands and pneumatic valve switching.  The 
PLC itself does not need to do any high-level processing.  It instead 
needs to be able to read data from a network connection and switch the 
outputs at precise intervals.  This is achieved using very light-weight 
code, ensuring very little latency between the commands coming from 
the controlling computer and the solenoids firing. 
 
Figure 25  Omron CS-Series PLC System 
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3.3.2 COMMUNICATIONS BETWEEN CONTROL COMPUTER 
AND PROGRAMMABLE LOGIC CONTROLLER 
As any added latency would directly affect the performance of the 
system, the format used to communicate data between the control 
computer and PLC needed to be very efficient.  This became 
particularly apparent when controlling multiple panels. 
To maintain a fast and consistent transfer speed between the control 
computer and PLC a number of critical choices were made.  Firstly, an 
Ethernet connection was selected as the main link between the two 
system components.  The Ethernet module connected directly the PLC 
CPU module and any received data was immediately passed to the 
processor.  UDP transfer protocol was used to avoid the overheads of 
packet acknowledgment, as would be the case with TCP-IP.  Although 
this choice couldn’t guarantee that correct data would be received, the 
worst-case scenario would be that a cylinder moved one step in the 
incorrect direction and the new received packet would quickly rectify 
the mistake. 
As the PLC has only limited memory and processing power, almost all 
of the processing is performed on the controlling computer, and a simple 
command string is sent to the PLC.  The command string is made up of 
two components: the header and the data, as are structured as such: 
 
AAA  B  C  D  E  F  G  HH  I  JJJ  K  L  MMM  O  P  Q  R  SSS   
α1…α16   β1…β16   γ1…γ16   δ1…δ16   ε1…ε16   ζ1…ζ16   η1…η16   
λ1…λ16   ξ1…ξ16   ς1…ς16   σ1…σ16   τ1…τ16   φ1…φ16   ψ1…ψ16 
Figure 26  PC-PLC Data Format 
 66 
The bytes A-S makes up the header string.  The header defines the data 
block number, data block size, memory position of the PLC into which 
the data should be written, etc.  This ensures that every stays 
synchronised.  The 16-byte blocks α1…α16 : ψ1…ψ16 contain the actual 
data.  Each byte of data is made up of 8-bits, and each bit represents 
the state of one solenoid. 
Table 3 shows 5 examples of how the data contained in α1 would effect 
its corresponding valves, which control cylinders 5-8. 
 
Table 3  Structure of Programmable Logic Controller Data 
 
 
The byte is first split into its corresponding bits, with the most 
significant bit (MSB) on the left and least significant bit (LSB) to the 
right.  Each bit corresponds to either an extend or a retract valve, 
shown under the cylinder name.  The DEC column shows 5 different 
examples of a decimal being deciphered and applied to the valve states.  
For example, 85d is represented as 01010101b.  A ‘1’ will activate the 
valve, and ‘0’ deactivates it.  When you observe the state of each of the 
valves as a result of the 85d instruction, you see that each of the 
‘retract’ valves are enabled for cylinders 5-8.  A value of 170d will 
extend all cylinders, 255d will lock all, and so on. 
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The data array is capable of being sent at 200Hz and the data being 
sent does not necessarily need to change between transmissions.  This 
allows information to be sent constantly and quickly to the PLC.  
When the PLC received the data block, it very quickly deciphers the 
instructions and sets the corresponding outputs either high or low. 
 
The method of transmitting information if very quick, has proven 
reliable, easily allows for expandability, and is a very simple structure.  
It also lends itself to integration with other protocols, such as DMX, 
which is used for stage lighting and which also uses a 0-255 value to 
control devices.  This will be explored more in Chapter 7. 
 
3.4 PROGRAMMABLE LOGIC CONTROLLER CENTRAL 
PROCESSING UNIT 
The PLC central processing unit is shown in Figure 27.  The module 
includes both the CPU electronics, as well as external ports for 
uploading software.  Any connected modules, such as network interfaces 
and I/O modules, are configured in development environment.  The 
CPU communicates with the connected modules via a high-speed data-
bus. 
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Figure 27  Programmable Logic Controller Central Processing Unit 
 
3.4.1 PROGRAMMABLE LOGIC CONTROLLER NETWORK 
INTERFACE 
A network module is used to allow the PLC to communicate at high 
speed with the control computer.  The network module is shown in 
Figure 28.  The network module supports a number of protocols, 
including UDP and TCP/IP.  The UDP standard is utilised for its high-
speed and low latency packet transfer. 
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Figure 28  Programmable Logic Controller Network Interface 
Although there is a higher chance of incorrect data being received using 
the UDP transport layer, the frequency at which the data can be passed 
allows multiple redundant packets to be sent. 
 
3.4.2 PROGRAMMABLE LOGIC CONTROLLER INPUT/OUTPUT 
INTERFACE 
To switch the power required to activate the pneumatic valves, an I/O 
module needs to be connected to the CPU modules.  The I/O modules 
have high-current isolated outputs that can be independently controlled, 
and which are capable of driving load of the valve magnetics.  The I/O 
modules also incorporate protective electronics to reduce the 
susceptibility of sensitive CPU electronics to external short circuits, 
voltage spikes, back-EMF, etc. 
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Figure 29  Typical Programmable Logic Controller Input/Output Connection 
 
The I/O modules do not accommodate direct connection to external 
devices, and are instead connected via multi-core cable to breakout 
panels, Figure 30.  This connection method offers maximum flexibility, 
and ensures the I/O modules are kept to a small size.  The selected 
breakout boards utilise a screw-terminal to attached wires, offering a 
robust interface for electrical connection and disconnection. 
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Figure 30  Programmable Logic Controller Input/Output Break-Out Panel 
 
3.4.3 PROGRAMMABLE LOGIC CONTROLLER CABLING 
A number of multi-core cables connect the valve manifolds to the 
respective IO break-out panel.  Each cable contains enough individual 
channels to control the 18 valves in a single manifold.  Cables are 
uniquely and numbered to indicate which manifold it should be 
connected to.  The cables are double insulated to reduce the chance of 
short circuit or mechanical damage.  They use a standard DB25 
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connector which allows them to easily be extended if needed.  Cables 
can safely be 100m long without compromising signal quality. 
 
 
Figure 31  Cabling Between Programmable Logic Controller and Valve Manifolds 
 
3.4.4 PROGRAMMABLE LOGIC CONTROLLER POWER 
REQUIREMENTS 
All of the system components operate at lower-than-mains voltage and 
as such require power conditioning and regulation is required.  The 
schematic shown in Figure 32 shows the basic connectivity between the 
various power systems.  The primary input is a 85-264VAC 10A single-
phase supply.  This is a world-standard input range and automatically 
accommodates any changes to the input voltage, providing it’s within 
the safe operating range. 
 
In total, four power supply units (PSUs) are integrated into the 
controller.  Each PSU is capable of delivering a maximum load of 648W 
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at 24VDC.  Two of the PSUs and associated cabling can be seen in 
Figure 33. 
 
 
Figure 32  Schematic of Programmable Logic Controller Cabinet Power Systems 
 
The PLC Stack is powered by PSU 1, and the IO Array is shared 
between the remaining 3 PSUs.  It is good practice to separate supply 
rails between sensitive electronics and external systems to avoid 
electrical noise, overloading, or susceptibility to wiring begin severed or 
short-circuited outside the control box.  A heater unit maintains 
sufficient ambient temperature to ensure that no moisture build-up 
occurs within the PLC cabinet. 
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Figure 33 Mounted Programmable Logic Controller Cabinet Power Supply Units 
 
Each valve will draw 2.5W of energy when in operation.  The current 
configuration can safely supply power for up to 777 valves at any given 
time.  An additional 38 valves can be powered at the same time for up 
to 1 minute.  In the event that more valves would need to be powered, 
additional PSUs can be added. 
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3.5 SYSTEM SETUP AND TRANSPORT 
There are many components contained within the system, and to ensure 
ease of use, the setup and pull-down of the system is designed to be as 
simple as possible.  Simple mechanical locks are used to hold panels 
together, the panels are identical and modular, panels can be positioned 
at ground level by two people – all of which improve user friendliness.  
Although the specific procedure may vary depending on the particular 
configuration, the basic setup steps are detailed below. 
 
 Setup: 
1) Place panel modules in desired locations and fix in place 
2) Place control box in desired location 
3) Place pneumatic compressor is desired location (if required) 
4) Connect pneumatic supply to valve manifolds 
5) Lay cables from controller to panels, and connect to 
appropriate valve manifold 
6) Connect control computer to PLC via Ethernet 
7) Connect and apply power to controller 
8) Run systems diagnostics routine to ensure everything is 
working correctly 
9) Connect skin, and system is ready for operations 
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To disassemble the system, simply carry out steps 1-7 in reverse order.  
Without the skin attached, panels can be transported either on a 
trolley, or using a 2-person lift for short distances.  The controller 
requires a forklift or pallet jack to move. 
 
3.6 PNEUMATIC PRESSURE GENERATION 
Air to the test system is supplied from a Champion CSi11 industrial air 
compressor.  It is fitted with a two accumulator tanks and provides the 
necessary air-flow to ensure continuous operation without a drop in 
pressure. 
 
 
Figure 34  Test-Rig Air Compressor and Accumulator Reservoir 
 
A summary of the compressors specifications is given below in Table 4. 
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Table 4  Compressor and Accumulator Specificationsiii 
 
 
There are many methods of compressing air.  The method used in the 
selected compressor is known as ‘rotary screw compression’.  This type 
of compressor was selected as compared to other types, they have a 
relatively low initial cost, few moving parts, are highly efficient and are 
easy to install. 
 
 
Figure 35  Rotary-Screw Type Compressoriv 
 
                                     iii!Source(of(information:(‘Champion(Compressors’(user(manual!iv!Images(from(‘Champion(Compressors’(user(manual!
Series Name Value Unit 
Manufacturer Champion - 
Model CSi11 - 
Compression method Rotary screw - 
Operating pressure 10 Bar 
Air delivery rate 1.43 m³ per minute 
Power consumption 11 kW 
Operating voltage 415 VAC 
Noise level 69 dB 
Approximate weight 300 kg 
Receiver capacity 170 L 
Approximate weight 110 kg 
Accumulator capacity 250 L 
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At full stroke, each cylinder requires approximately 110!!! of 
pressurised air.  Considering 30 cylinders per panel, each panel requires 3,300!!!, or 3.3!×!10!!!!.  Assuming a 2Hz oscillation, each cylinder 
would complete 2 full stroke lengths 120 times per minute, each stroke 
requiring the full volume of pressurised air.  The volumetric flow rate, 
and thus resulting demand of the compressor is as follows: 
 
  ! = 240!"#$%&!!"#$%&!×!3.3!×!10!!!!   Equation 14 
Equation 14  Air demand per panel at 2Hz cylinder oscillation 
  = 0.792!!!"#!! 
 
The selected compressor is capable of supplying air to maintain 2Hz 
oscillation of a maximum of 54 cylinders.  Given that for most patterns 
being displayed only a few of the cylinders are actually moving, for a 
25% motion the CSi11 compressor would be capable of supplier 
approximately 200 cylinders. 
 
3.6.1 AIR DISTRIBUTION 
Ensuring that sufficient pressure is delivered reliably and uniformly to 
each cylinder is paramount to the effectiveness of the system.  Air lines 
could simply be oversized to avoid supply bottlenecks, however using 
oversized pipes results in addition cost, weight and bulk.  The following 
calculations are used to predict the pressure drop at various points 
around the system, and ensure they fall within acceptable limits. 
Pressure drop through industrial air line can be calculated using: 
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!" = 7.57!!.!"!×!!!×!10!!!!!!  
Equation 15  Calculate pressure drop within air line 
  !:!"#!!"#$%&!!"#$!!"!!"#$%&ℎ!"#$!!"#$%&%"#'!(!!!"#!!) 
  !: !"#$%ℎ!!"!!"!#!(!) 
  !: !"#$%"&'!!"!#!!"#$%&%'!(!!) 
  !!:!"#$$%"#!!"!!"#$%&''"%!!"#$%t!(!"!"!!) 
 
For a single panel containing 30 cylinders, a total volume of 3.3!×!10!!!! is needed, at a flow rate of = 0.792!!!"#!!.  Due to the panel 
layout, the main air-feed to the manifold has a length of 0.5m and an 
internal diameter of 5.3mm.  Substituting into Equation 15 gives: 
 
!" = 7.57!×!0.792!.!"!×!0.5!×!10!!5.3!!×!5.098  
  = 1.15!"!"!! 
  5.098!– !1.15!!"!"!! = !3.95!!"!"!! = !387!"# 
 
Although under these conditions a pressure drop of ~23% is observed, 
the likelihood of all cylinder simultaneously traversing a complete stroke 
movement is very unlikely.  Based on a number of test patterns that 
were ‘visually and pneumatically typical’ of what would be displayed, 
on average less than 1/3 of cylinders were moving at any given time.  
Considering the more likely scenario, a pressure drop of 14.7kPa is 
observed, which is approximately 3% of the original inlet pressure. 
Equation 15 
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The main feed from the compressor has been designed to accommodate 
up to 8 panels, which is the equivalent of 240 cylinders. 
 
 
Figure 36  Cumulative Pressure Drop Over 50mm/30mm Air Line 
 
Figure 36 shows the local pressure availability at each panel for varying 
numbers of cylinder moving simultaneously.  For this example, a 2-inch 
(42.8mm ID) air line is used from the compressor up until the 3rd panel, 
after which 1-inch (19.4mm ID) air line is used.  It is assumed that the 
compressor is 10m from the first panel, and that a distance of 1.5m 
separates each of the panels.  The pressure at the compressor is 500kPa.  
The steep drop-off in pressure for the required volume is evident, 
especially for motions requiring more than 25% of total cylinder 
movement.  For a 100% motion, a 69.8% reduction in specified air 
pressure is observed at the supply to the 8th panel.  In practice, such a 
drop would result in a non-functioning surface.  Though for a 25% 
motion, a drop of only 4% is observed.  This would be a useable 
amount, but would limit the large global motions of the surface. 
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Figure 37  Cumulative Pressure-Drop Over 50mm Air Line 
 
In contrast, a relatively stable supply can be achieved by supplying 
each panel using 2-inch air line.  Figure 37 shows the pressure drop for 
each panel under the same conditions, with only the air line changed to 
2-inch for the full string length – note the changed y-axis scaling.  In 
contrast to the loss in the previous arrangement, the 2-inch diameter air 
line suffers a reduction at the 8th panel of only 2.6% for 100% of 
cylinders moving and 0.2% for 25% of cylinders moving.  Calculations 
were made for a 1-inch supply line used from the compressor to the last 
panel and a complete air deficit was found to occur after the 3rd panel. 
 
3.6.2 MAINTENANCE AND SERVICEABILITY 
The rig has been designed keep the labour involved with replacing 
components to a minimum.  Standard press-to-connect fittings are used 
that allows a technician the ability to disconnect the air supply to any 
cylinder in under a minute.  The springs and rubber mount are again 
simply to remove and do not require specialised tools.  Once the surface 
is disconnected, a cylinder can be replaced in approximately 5 minutes.  
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Providing that the cylinder meets performance specifications, no 
calibration or tuning is required after replacement. 
It is a similar case with the valve manifolds.  Individual valves, or even 
the entire assembly can be changed quickly and without fuss.  Once 
each of the pneumatic lines are disconnected, the PLC cabling can be 
unplugged.  It’s then simply a matter of unscrewing the mounts and 
swapping it for a working replacement. 
As part of general maintenance the rubber mounts should be inspected 
and replaced as required.  Based on early calculations and tests, the 
rubber mounts should not show signs of fatigue for at least 5million 
cylinder cycles. 
Removing the skin requires some experience, but is not overlay 
complex.  A simple locking pin holds the skin contact to the cylinder 
rod.  The locking pins can be removed by hand and, depending on the 
size and orientation of the programmable surface, 1-4 people are 
required to fit the skin. 
 
3.6.3 PNEUMATIC SAFETY SYSTEMS 
At any given time, a large amount of stored energy is contained within 
the accumulation tanks and throughout the air line.  To ensure safe 
operation, a double-redundant pneumatic dump valve is installed to 
rapidly vent the pressure in the air lines on each panel, see Figure 38 
(R).  Due to the time it would take to re-fill the accumulators, the 
system does not empty them when the emergency stop is pressed, but 
rather isolates them from the panels.  By isolating the accumulators and 
dumping the pressure from the air lines on each panel, all pneumatic 
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energy is effectively removed from the system, and it can be considered 
pneumatically safe to interact with. 
 
 
Figure 38  eStop (L), Pneumatic Dump Valve (R) 
 
3.7 SUMMARY 
Chapter 3 has provided a summary of the electrical, pneumatic and 
mechanical components that have been selected to construct the 
programmable surface.  The selected cylinder and valve manifold have 
been chosen based both on performance and price.  Other system 
elements such as the pneumatic compressor, accumulator, air lines, 
mechanical rig and safety systems, have all been selected based on the 
cylinder requirements, cost and ease of use.  The next chapter explores 
methods for building an accurate mathematical model of a single 
pneumatic cylinder.  This model is required to ensure the control 
algorithm can correctly position elements of the programmable surface. 
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4 CHARACTERISATION OF A SINGLE CYLINDER 
In order to design the operation parameters for the open loop control of 
the interactive surface, an accurate model is required.  To be effective, 
the model should exhibit the dynamics and behaviours of all parts from 
the electro pneumatic valves to the complex interactive play of the skin 
between neighbouring cylinders.  It is the aim of this chapter and the 
next, to propose a proper model initially for a single independent 
cylinder, and later to expand the model to include the interactivity that 
occurs between multiple cylinders.  This model should consider the 
pneumatic cylinders, individual surface cells, and model of 
interconnected cells.  This final model will then be used to determine 
the valve intervals which position each of the cylinders.  In each section 
the experimental setup for the parameter identification and validation 
of the proposed model is illustrated. 
 
4.1.1 INTRODUCTION TO SINGLE CYLINDER MODEL 
Pneumatic cylinders are used as the actuators of this surface.  Study of 
the surface requires an appropriate model for the cylinder.  This model 
can be developed based on physics and operation principal of the 
cylinders.  In this section a model is proposed based on the electrical 
and pneumatic characteristics as observed in the previous chapters. 
In order to obtain the optimal parameters of the proposed model an 
experimental study has been conducted. The findings of the 
experimental study are used to estimate parameters through a system 
identification technique.  Finally the proposed model is validated 
through experimentation. 
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4.2 MATHEMATICAL MODEL OF A SINGLE CYLINDER 
The model should initially consider a plain double-acting cylinder with 
a small mass.  Due to the cumulative effect of frictional forces and air 
compressibility and air vent resistance a model of friction is required.  
There are other variants such as temperature, humidity and 
performance degradation of the cylinders.  Initial tests, as described in 
Section 3.2.1, show that there is little variance in performance for many 
cycles.  Given the relatively small change and the additional complexity 
that would be added in trying to completely model this, the effect of 
these variants can be neglected, at least until after the basic cylinder 
model has been established.  Additionally, physical cylinders perform 
differently to the theoretical model and the amount to which they vary 
will change from one cylinder to the next.  Hence, an optimal model is 
proposed for a given cylinder in the specific environmental conditions.  
This model can accurately simulate the cylinder behaviours and can be 
later refined or modified to more accurately represent the physical 
cylinder. 
As demonstrated in Equation 8 and Equation 9, the behaviour of a 
cylinder differs depending on whether it’s extending or retracting, hence 
two modes of operation are defined: 
1) Expansion mode 
2) Retraction mode 
If the double acting cylinder is fully symmetric, then the expansion and 
retraction will behave similarly.  But given that there is a difference 
between the expansion and retraction modes, they will behave 
differently and therefore two models are required.  However for these 
models the principal operation are the same, therefore the model in 
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terms of structure will be the same but each have a specific set of 
parameters. 
The physics of the compressed air pressure flow is used to define a 
physical model for expansion and retraction modes.  A general form of 
the motion equation of the piston due to an applied pressures model is 
used 
P!" − P!" A+ F!+F! ±w = mx  Equation 16 
Equation 16  General Cylinder Model 
where P!" is the pressure of the extension side, P!" is the pressure of the 
retraction side, A is the cross-sectional-area of the plunger, F!is the 
reverse force of the cylinder due to  the air pressure in the chambers, F!is the friction force, m is the mass of the moving part, x is the 
acceleration variable, and !w is the component of the weight that are 
effective in the motion of the rod.  The component of weight depends on 
the orientation of the cylinder.  For example, if the direction is vertical 
then w is the actual weight of the piston, and in a horizontal direction w is zero. In fact  is defined by 
w = mg cos(θ) 
θ is the angle of the cylinder with respect to horizontal.  The case +w is 
for extension and -w is for retraction.  Here, F! is a reverse force 
associated to venting resistance of the opposite chamber of the cylinder 
while it is extending or retracting.  This reverse force is produced by the 
resistance of the discharging valve of the opposite chamber.  
Considering that the reverse force is airflow resistance, we can therefore 
assume the reverse force will be a linear frictional force.  This condition 
is satisfied if the flow of the air ventilation is not very high. Therefore: 
F! = −αx  
w
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The friction force of the cylinders is then modelled by: 
F! = −!N 
where ! is friction coefficient and N is the surface perpendicular force 
(there are two mu elements, one each for static friction and for sliding 
friction).  This force is a constant force if the cylinders are used in a 
specific direction, E.g. horizontal or vertical. 
Finally, at any time instance only one valve is energised and the 
opposite chamber of the cylinder is connected to the standard pressure.  
Therefore the time domain model of the system in extension mode is: 
P!"A = mx+ α!"x!+ !!"N 
And for the retraction mode it will be: 
−P!"A = mx+ α!"x!+ !!"N 
If the parameters are assumed to be time independent then a model in 
Laplace domain for the extension mode is: X(S)P!" S − !!"N = AmS! + α!"S = k!"S(τ!"S+ 1) 
Equation 17  Model for extension mode in Laplace domain 
where !(!) is the laplace transform of  ! ,  !!"(!) is the Laplace 
transform of the extension side pressure !!"  ,  τ!" = !!!" and k!" = !!!"  
  
Equation 17 
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For the retraction mode it is: X(S)P!" S − !!"N = AmS! + α!"S = k!"S(τ!"S+ 1) 
 
where !(!) is the laplace transform of  ! ,  !!"(!) is the laplace 
transform of retraction side pressure  !!"  , τ!" = !!!" and!k!" = !!!".   For 
the modelling of the cylinders we need to estimate the parameters of the 
above models.  Note that the models are similar for both extension and 
retraction modes, however the parameters of the models for the 
extension mode and retraction mode are different.  In the extension 
mode, the input variable is the inlet air pressure and the output 
variable is the position of the piston.  For the retraction mode the input 
variable is the air pressure and the output variable is the position of the 
piston when it retracts. 
If the model has delay then: X SP!" S − !!"N = k!"S τ!"S+ 1 exp −St!"  
Equation 18  Cylinder model for retraction including delay X(S)P!" S − !!"N = k!"S(τ!"S+ 1) exp!(−St!") 
 
where t!" and t!"!is the delay time and extension or retraction modes.  
Equation 18 
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4.3 PARAMETER ESTIMATION 
In the following experimental and theoretic background for optimally 
obtaining the parameters of the models are presented. 
 
An experimental rig has been constructed in order to analyse the 
behaviour of the cylinders and to obtain the optimal parameters of 
these cylinders, as presented in Chapter 3.  The experimental rig is 
shown in Figure 39. 
 
 
Figure 39  String-Potentiometer used for Absolute Position Measurement of Rod 
Extension 
 
This experimental rig consists of a pressure regulator, a double acting 
cylinder with two electro pneumatic valves and a string potentiometer 
for measuring the absolute rod extension.  The various system 
components are connected to a LabJack data acquisition interface, 
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which provides both digital and analogue input and output ports.  The 
air pressure can also be varied using a inline pressure regulator. 
A computer interface provides an easy interface to specify system 
parameters and behaviours, and allows logging and access to the 
measured values.  The timing and the position are saved within a CSV 
format file.  The sampling frequency of the rod extension, valve 
condition, air pressure and tip accelerations is adjustable, but typically 
sampled at 1kHz. 
A number of tests were carried out to evaluate and characterise 
performance for modelling the cylinders.  Through these experiments it 
is possible to obtain the latency (delay) and sticking/friction force 
coefficients of friction forces.  The positional information is then used to 
obtain optimal parameters of the models as were proposed earlier. 
 
4.4 SYSTEM IDENTIFICATION FOR OTHER PARAMETERS 
Other parameters of the model can be obtained by system identification 
approach.  System identification can be used as we have already defined 
the model of the system.  Generally system identification attempts to 
obtain a model with optimal parameters for a system.  If the model is 
already known then the system identification techniques will provide 
parameters of the model.  There are various methods for system 
identification, including fully experimental or complicated identification 
techniques.  The experimental techniques are only suitable for simple 
systems such as first-order systems or second-order under-damped 
system.  Therefore we use a more complex method with the aim of 
ensuring that the established model will be more accurate and precise. 
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To estimate the parameters, the “System identification toolbox” of 
Matlab 2009 was employed.  Using this toolbox via an iterative 
estimation approach allowed optimal parameters for the cylinders to be 
obtained.  The estimation included all three parameters of each model 
which were ext  , exτ , and exk for the extension mode and ret  , reτ , and 
rek  for the retraction mode. 
 
4.5 BACKGROUND TO MATLAB PARAMETER ESTIMATION 
The System Identification Toolbox (SIT) is a module within Matlab® 
that allows a mathematical model to be estimated for an observed data 
set.  The SIT is particularly useful for estimating and simulating the 
output of systems that may be difficult to model using first principles.  
The SIT is particularly suitable for producing an estimated model for 
this system as it can consider the many complex and non-linear 
interactive components, including surface skin, mounting springs, and 
any flexing within the cylinder. 
 
4.6 PARAMETER IDENTIFICATION PROCEDURE 
To obtain the parameters of the models, a number of experiments have 
been conducted and their results are indicated in below.  These tests 
included observing the motion of the cylinder with various combinations 
of load and spring resistance for a 500kPa input pressure.  For these 
tests the position of the cylinder rod was measured with respect to time 
for both the extension and retraction motion of the cylinder.  A 
description of the hardware used in the logging process is given below, 
followed by the experimental results. 
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To control the motion of the cylinder under test, a small micro-
controller based timing system was developed.  The control system 
required 3 input variables to be set, and would then play the sequence 
in a user-specified mode.  The input variables were valve on-delay, 
shown in Figure 40b, the valve off-delay Figure 40c, and the number of 
cycles to be Figure 40d performed.  These were adjusted simply by 
turning one of three variable resistors.  The delays could be 
independently adjusted between 0-100ms in 1ms steps, and the number 
of cycles ranged between 1-100x.  The operator would then press one of 
four buttons, selecting either: 
• Extend, no brake 
•  Retract, no brake 
•  Extend, with brake 
• Retract, with brake 
Once the mode button was pressed, the system would immediately 
begin the desired sequence and give both an audible start tone and 
display ‘go’, see Figure 40e.  Once the sequence had been completed, an 
end tone sounded and the display read ‘done’.  The sequence could be 
played multiple times by simply pushing one of the mode buttons once 
the previous sequence was completed.  In case of an emergency, pressing 
any of the buttons mid-sequence would stop the sequence. 
 93 
 
Figure 40  Micro-Controller Based Cylinder Timing System 
 
The waveform produced is represented in Figure 41, showing the on-
delay !! and the off-delay !!. 
 
Figure 41  Valve On-Delay and Off-Delay Waveform 
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Figure 42  Data logger, Instrument Amplifier and Valve Control Used for Testing 
 
The micro-controller outputs were not sufficiently powerful to directly 
drive the valve electromagnetics.  It was also only designed to generate 
the control signals, not log any data.  To overcome this, additional 
hardware was required, as shown in Figure 42.  Three control wires, 
shown in white coming into the “Valve TTL Control Signal Input” 
carried the control pulses generated by the micro-controller.  They in-
turn switched some high-speed MoSFETsv which controlled the high-
power signal driving the valves.  A separate power source was used to 
supply power this board and connected to the “Valve Excitation Input”.  
Data taken from an accelerometer, string-potentiometer position sensor 
and a pressure transducer all connected to the system.  Some connected 
directly to the high-speed 12-bit analogue inputs, while others first 
passed through a 100x gain instrument amplifier.  The state of the 
control signals transmitted from the micro-controller were also logged 
                                     v!MetalDoxideDsemiconductor!fieldDeffect!transistor!
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using high-speed digital inputs.  Data was captured synchronously at 
1kHz and transmitted to a PC via a USB2.0 port. 
 
4.6.1 TEST 1A: EXTENDING, NO LOAD, NO SPRING, 500KPA 
The cylinder was initiated from a fully-retracted position, then 
commanded to fully extend.  As can be seen in Figure 44(R), a very 
uniform motion was observed, with a large linear component shortly 
after beginning its motion.  A small amount of ‘bounce’ was observed 
when the rod reaches the end stop. 
 
 
Figure 43  Cylinder Identification Configuration, Extending, No Load, No Spring 
 
 
Figure 44  Extending, 500kPa, (L) Step Input, (R) Observed Data 
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Figure 45  Extending, 500kPa, (L) Estimation Without Delay, (R) Estimation With 
Delay 
 
4.6.2 TEST 1B: RETRACTING, NO LOAD, NO SPRING, 500KPA 
The same conditions are kept as in Test 1a, however cylinder was 
monitored while retracting rather than extending.  When compared to 
Test 1a, the time taken to start moving is increased.  This can be 
attributed to the smaller surfacer area on the plunger. 
 
 
Figure 46  Cylinder Identification Configuration, Retracting, No Load, No Spring 
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Figure 47  Retracting, 500kPa, (L) Observed Data, (R) Conditioned Data 
 
Figure 48  Retracting, 500kPa, (L) Estimation Without Delay, (R) Estimation With 
Delay 
 
Due to limitations with the identification toolbox, the curve is inverted 
shifted up on the y-axis.  This allows the toolbox to properly 
characterise the curve. 
 
4.6.3 TEST 1C: EXTENDING, WITH SPRING, NO LOAD, 500KPA 
Similar to Test 1a, Test 1c investigates the effect of adding a spring to 
the system.  The spring is matched to the spring component of the skin.  
Note that although the spring is mounted in a vertical oriention, it is 
connected to a steel cable that rolls over a bearing which rotates the 
direction of travel 90°.  This ensures that the spring forces are acting 
parrallel to the cylinder stroke.  For all of the spring tests, a rigid block 
was placed under the cylinder to prevent vertical translation. 
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Figure 49  Cylinder Identification Configuration, Extending, With Spring 
 
Compared the observed motion in Test 1a, the added spring provides 
relatively little resistance to the rod, hence it begins its motion after a 
similar delay.  A slight deviation in the velocity occurs expressing 
characteristics of an under-dampened system.   
 
 
Figure 50  Extending With Spring, 500kPa, (L) Step Input, (R) Observed Data 
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Figure 51  Extending With Spring, 500kPa, (L) Estimation Without Delay, (R) 
Estimation With Delay 
 
This may well be the result of a rapid increase in velocity caused by a 
‘sling-shot’ effect when the line pressure builds and overcomes the static 
frictional forces.  As the cylinder loses some of its momentum and the 
spring applies increasing force, the line pressure needs to re-build to 
continue the motion. 
 
4.6.4 TEST 1D: RETRACTING, WITH SPRING, NO LOAD, 
500KPA 
Test 1d mirrors Test 1c, with the cylinder retracting.  The cylinder has 
an extended intitial position, and commanded to return to the home 
position. 
 
Figure 52  Cylinder Identification Configuration, Retracting, With Spring  
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Compared to Test 1b, which is essentially the same only without the 
spring, the cylinder begins its motion noticeably quicker, at 
approximately 0.035s compared to 0.06s.  This is what would be 
expected, as the spring is pre-loaded at full extension and applying a 
force pulling the cylinder in the desired direction of travel. 
 
 
Figure 53  Retracting With Spring, 500kPa, (L) Observed Data, (R) Conditioned Data  
 
Figure 54  Retracting With Spring, 500kPa, (L) Estimation Without Delay, (R) 
Estimation With Delay 
 
The same ‘sling-shot’ effect is observed in Test 1d, however this time 
the spring forces are assisting the motion, as opposed to resisting it.  
The characterisation toolbox is able to accurately reproduce the motion. 
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4.6.5 TEST 1E: EXTENDING, NO SPRING, WITH LOAD, 500KPA 
For the first itme, in Test 1e the spring is removed and a 500g weight 
attached.  The load simulated the mass of the skin that each cylinder is 
required to move.  The additional mass greatly increases the weight of 
the load the cylinder needs to move. 
 
 
Figure 55  Cylinder Identification Configuration, Extending, With Load 
Only a minor increase in reaction time is observed, suggesting that at 
the 500kPa line pressure, the cylinders have ample strength to move the 
load. 
 
 
Figure 56  Extending With Load, 500kPa, (L) Step Input, (R) Observed Data 
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Figure 57  Extending With Load, 500kPa, (L) Estimation Without Delay, (R) 
Estimation With Delay 
 
The additional mass results in a small reduction in speed, but in 
general, does not produce a significantly varied displacement curve.  A 
more significant bounce is observed when it reaches the end stop due to 
the increased kinetic energy needing to be dissapated. 
 
4.6.6 TEST 1F: RETRACTING, NO SPRING, WITH LOAD, 
500KPA 
Test 1f is simlar to Test 1e, only in the retracting direction.  The 
cylinder starts in the fully extended position and is then commanded to 
return home. 
 
Figure 58  Cylinder Identification Configuration, Retracting, With Load 
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Again, the addition of the mass does not significantly vary the shape of 
the observed path.  A very slight increase in the reaction time can be 
seen, as can the more significant ‘bounce’ as the cylinder reaches the 
mechanical limit.  This suggest that the cylinder has enough stength in 
both the extending and retracting directions. 
 
 
Figure 59  Retracting With Load, 500kPa, (L) Observed Data, (R) Conditioned data 
 
 
Figure 60  Retracting With Load, 500kPa, (L) Estimation Without Delay, (R) 
Estimation With Delay 
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4.6.7 TEST 1G: EXTENDING, WITH SPRING AND LOAD, 
500KPA 
Test 1g most recreates the worst-case scenario, whereby the cylinder is 
pushing against the weight of the skin, in addition to being subjected to 
the skin-tension applied by neighbouring cylinders. 
 
Figure 61  Cylinder Identification Configuration, Extending, With Load and Spring 
 
An interesting effect is observed, whereby the added mass removes the 
slight reduction in velocity observed in Test 1c, at approximately 
0.225s.  The increased inertia results in a smoother motion. 
 
Figure 62  Extending With Load & Spring, 500kPa, (L) Step Input, (R) Observed 
Data 
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Figure 63  Extending With Load & Spring, 500kPa, (L) Estimation Without Delay, 
(R) Estimation With Delay 
  
4.6.8 TEST 1H: RETRACTING, WITH SPRING AND LOAD, 
500KPA 
Test 1h most recreates a scenario whereby the cylinder is being pulled 
the skin-tension applied by neighbouring cylinders, in addition to 
having to move the weight of the skin. 
 
Figure 64  Cylinder Identification Configuration, Retracting, With Load and Spring 
 
As in Test 1g, the combination of the spring and mass result in a 
smoothened motion.  This characteristic is desirable as it natually 
improves surface fluidity. 
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Figure 65  Retracting With Load & Spring, 500kPa, (L) Observed Data, (R) 
Conditioned Data  
 
Figure 66  Retracting With Load & Spring, 500kPa, (L) Estimation Without Delay, 
(R) Estimation with Delay 
 
To estimate the parameters of the model we used “System identification 
toolbox” of Matlab 2009.  The procedure for this is shown in the 
following section. 
 
4.7 SYSTEM IDENTIFICATION APPROACH FOR EXTENSION 
MODE 
The graphical user interface (GUI) of the system identification toolbox 
is shown in Figure 67.  For identification of the greyed-out systems 
(where a model is already know) it is necessary to define the type of the 
model and introduce an initial guess for the bounds for the parameters 
and then click the estimate button.  Then toolbox will then optimally 
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obtain the known parameters of the model.  This is shown in the figure 
in below.  The observed valve delay in Section 3.2.2 was used as an 
initial guess for the system delay and the other parameters where 
obtained by the toolbox. 
 
 
Figure 67  GUI of the System Identification Toolbox-Extension Mode Study 
The performance of the estimated model in compared to the test data 
presented in Figure 68. 
 
Figure 68  Results of the Optimal Parameters After System Identification During 
Extension 
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4.8 SYSTEM IDENTIFICATION APPROACH FOR RETRACTION 
MODE 
Similar estimation is required for the retraction mode and following is 
the results of the system identification for the retraction mode. 
 
Figure 69  GUI of the System Identification Toolbox-Retraction Mode Study 
The process shown in Figure 69 and Figure 70 are the same for the 
extension mode, only this time the retraction data is used.  Once again, 
the parameters can be accurately identified using the toolbox. 
 
Figure 70  Results of the Optimal Parameters After System Identification for 
Retraction  
 109 
4.9 SYSTEM IDENTIFICATION APPROACH FOR MIXED 
CONDITIONS 
A number of tests were carried out measuring the performance of a 
single cylinder.  The test parameters were the same for each test, other 
than varying the supply pressure.  For each, ten identification tests for 
the expansion and retraction modes were performed and their results 
are shown in the below tables. 
 
Table 5  Average Parameter Estimation Results for Ten Extension Experiments 
Mode 
Supply 
Pressure (kPa) 
Time 
Constant (s) !!!" Gain !!" Delay (s) !!" 
Extension 1 400 0.0391 4.63 0.0271 
Extension 2 450 0.0458 3.65 0.0311 
Extension 3 500 0.0498 4.60 0.0284 
Extension 4 550 0.0441 3.88 0.0452 
 
 
Table 6  Average Parameter Estimation Results for Ten Retraction Experiments 
Mode 
Supply 
Pressure (kPa) 
Time 
Constant (s) !!" Gain !!" Delay (s) !!" 
Retraction 1 400 0.0682 4.37 0.0510 
Retraction 2 450 0.1083 5.58 0.0226 
Retraction 3 500 0.1841 5.27 0.0435 
Retraction 4 550 0.0877 4.69 0.0245 
 
These values were then used as the control input variables to tune the 
complete programmable surface mathematical model, and ultimately 
define the theoretical actuator behaviour within the control system. 
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4.10 CONCLUSION 
In this section a model has been proposed for cylinders based on physics 
of operation.  The system identification toolbox was utilised to estimate 
optimal parameters for the model, to produce a representative model 
capable of tolerating the non-linear relationship between time and rod 
extension.  The experimental apparatus and different experiment have 
been explained in order to provide the required input output 
information for system identification.  The optimal parameters of the 
cylinders for different air pressure were obtained and indicated.  
Through experimentation, it has also shown the individual and 
combined effects of adding mass and spring forces to a cylinder in 
motion.  An improved and more predictable motion was observed when 
both the spring and mass were attached.  This is of benefit as this is the 
most similar physical scenario when compared to the actual system.  It 
suggests that the unique combination of mass, damping and spring 
components result in a simplified motion, when compared to the other 
configurations. 
In the following chapter the model is expanded to accommodate 
multiple cylinders.  In addition to the kinematic properties of each 
individual cylinder, the model considers the forces at play between any 
particular actuator and its neighbours. 
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5 CHARACTERISATION OF THE PROGRAMMABLE 
SURFACE  
In this chapter a model for the motion of the programmable surface is 
developed.  It is based upon the previously established model of the cell, 
which is then expanded to model the whole surface.  These models are 
used to simulate the surface motion with different external inputs, such 
as force and initial velocity. 
 
5.1 SINGLE CELL MODEL 
To extend on the single cylinder model outlined in the previous chapter, 
we now consider a single cell, which is defined as the cylinder and all 
associated elements that connect it to the frame and neighbouring 
cylinders. 
The programmable surface can be considered as a matrix of cells.  Such 
a 3 x 3 matrix for the surface is shown in Figure 71.  Each surface cell 
includes a pneumatic cylinder and four springs.  The springs are a 
simplified representation of the elasticity of the skin connecting adjacent 
cylinders, in addition to the 4 mounting spring.  By applying pneumatic 
pressure to the cylinders, the cylinder will move.  The model of this cell 
will be similar to the model of the cylinders in the previous chapter.  
However the considered springs will provide additional terms to the 
model.  This model is shown in the following sub-section.  
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Figure 71  A 3 x 3 Matrix Cell Model 
 
5.1.1 CELL MODEL 
The four springs are in a plane that is perpendicular to the cylinder rod, 
and only have effect when the central rod, or any of its neighbouring 
cylinders are extended to different positions.  If they are all at the same 
extension, for example, when all neighbouring cylinder in home position, 
then the rod of the cylinder will move only in axial direction.  
Considering the physics of the cylinders and force-acceleration equation 
for an extending cylinder the model of the motion is: 
 
P!"A = mz+ α!"z!+ !!"N− F!    Equation 19 
Equation 19  Force acceleration equation for extending cylinder 
In this case, ‘z’ indicates the direction of axial motion. 
And for the retracting stroke: 
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−P!"A = mx+ α!"x!+ !!"N− F!   Equation 20 
Equation 20  Force acceleration equation for retracting cylinder 
The parameters are similar to those in model of the cylinders, only 
now with the addition force of F!.  This spring force of F! resulting 
from the four springs shown in Figure 72. 
 
 
 
Figure 72  Four Springs Used to Represent the Surface Elasticity 
 
The spring force is obtained from the following equation: 
F! = F!(!"#) + F!(!"##"$) + F!(!"#$) + F!(!"#$%)  Equation 21 
Equation 21  Skin force acting on rod tip 
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where F!(!"#) is the force of the top spring , F!(!"##"$) is bottom spring 
force, F!(!"#$) is the left spring force, F!(!"#$%) is the right spring force and F!  is to total spring forces applied to a cell element 
 
The force of each spring is: 
F!(!"#) = −K∆L(!"#)a(!"#)"F!(!"##"$) = −K∆L(!"##"$)a(!"##"$)"F!(!"#$) = −K∆L(!"#$)a(!"#$)"F!(!"#$%) = −K∆L(!"#$%)a(!"#$%) 
where!K is the spring coefficient, !∆L is the displacement of the spring, 
and a is a unit vector showing the direction of the force.  
For the case of modelling of one cell, we can assume the positions of 
PTOP PLEFT, PRIGHT and PBOTTOM are fixed points and each of the outer 
cylinders are in the home position.  The constraints of fixed PTOP PLEFT, 
PRIGHT and PBOTTOM points will be removed in the next chapter.  By these 
assumptions, it is possible to obtain the length and displacement of the 
springs relative to the position of the central cylinder.  
To obtain the model for a single cell, if we define the parameters as: x !"# , y !"# , z !"#
 
for the position of rod tip of the Top spring, x, y, z  for the current position of the tip of the central cylinder and L0 
is the initial length of the spring, then the displacement of the Top 
spring is: 
∆L(!"#) = x− x !"# ! + y− y !"# ! + z− z !"# ! − L! 
where the !! is the initial length of the spring 
sF
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The direction of this displacement is obtained by a unit direction vector 
given by: 
a(!"#) = x− x !"# ı+ y− y !"# ȷ+ z− z !"# kx− x !"# ! + y− y !"# ! + z− z !"# !  
 
where ı, ȷ, k are Cartesian unit vectors. 
The other spring forces and their directions for the Bottom, Left and 
Right springs are obtained similarly by 
For the bottom spring: 
∆L(!"##"$)
= x− x !"##"$ ! + y− y !"##"$ ! + z− z !"##"$ ! − L!
 
a(!"##"$) = x− x !"##"$ ı+ y− y !"##"$ ȷ+ z− z !"##"$ kx− x !"##"$ ! + y− y !"##"$ ! + z− z !"##"$ !  
For the left spring: 
∆L(!"#$) = x− x !"#$ ! + y− y !"#$ ! + z− z !"#$ ! − L!
 
a(!"#$) = x− x !"#$ ı+ y− y !"#$ ȷ+ z− z !"#$ kx− x !"#$ ! + y− y !"#$ ! + z− z !"#$ !  
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For the right spring: 
∆L(!"#$%) = x− x !"#$% ! + y− y !"#$% ! + z− z !"#$% ! − L!
 
a(!"#$%) = x− x !"#$% ı+ y− y !"#$% ȷ+ z− z !"#$% kx− x !"#$% ! + y− y !"#$% ! + z− z !"#$% !  
Because of the symmetric geometry of the fixed points and axial motion 
of the cylinder, then the x-y components of the spring forces will cancel 
each and only axial displacement will occur.  This is the case as the 
lateral components of the Top spring force are cancelled with the lateral 
components of the Bottom and similarly for the Left and Right springs.  
This simplifies the total force of the spring by simply adding the z-
components of the four spring forces.  To obtain the total spring force 
for this symmetric case from the symmetric coordination of the points, 
we have: 
∆L(!"#) = ∆L(!"##"$) = ∆L(!"#$) = ∆L(!"#$%) = L!! + z! − L! 
The displacement for the four springs is logical because the 
displacement is only in z direction.  Therefore, adding the four spring 
forces, the total spring force is: 
F! = −4K L!! + z! − L! zL!! + z! k 
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Consequently the dynamic model of the given cell is obtained by in the 
extension mode: 
P!"A = mz+ α!"z!+ !!"N+ 4K L!! + z! − L! zL!! + z!  
 
For the retracting mode: 
−P!"A = mz+ α!"z!+ !!"N+ 4K L!! + z! − L! zL!! + z! k 
 
Note that all of these forces are in ‘z’ direction. 
It is clearly seen that even in the symmetric case, this model is a non-
linear model, largely due to the spring force component.  It is expected 
that in the cases where all the PTOP PLEFT, PRIGHT and PBOTTOM points are 
variable then the model of the surface will further increase in 
nonlinearity. 
 
5.2 MODEL OF THE PROGRAMMABLE SURFACE 
The following section expands on the previous models to consider 
multiple cells and the interaction within. 
The interactive surface consists of matrix of surface cell elements that 
are connected via elastic cover.  Each cell is moved by its own actuators 
as well as the interaction between the adjacent cells.  The actuators 
provide forces on each cell which results in axial and lateral movements 
of the cells; however the lateral movement is mainly produced by the 
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adjacent cells.  To model the interaction between neighbouring cells we 
use the matrix model for the cell surface, as previously shown in Figure 
71.  The model of the surface will be similar to the model of the cells 
except the position of the adjacent cells is now variable. 
 
 
Figure 73  10 x 10 Matrix Showing Interconnectivity Between Adjacent Cells 
 
5.2.1 SURFACE MODEL WITH INTERCONNECTED CELLS 
Similar to the model of the surface cell presented in Section 5.1.1, the 
model of each surface cell can be shown by: 
m(!,!)R(!,!) = F!"(!,!) + F!(!,!) + F!(!,!) + F!(!,!) Equation 22 
Equation 22  Surface cell model 
where m(!,!) is the mass of the cell in the n-th column and the k-th row 
of the surface matrix, F!(!,!)   is the spring force of the adjacent cells, 
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F!"(!,!) is the pneumatic force applied by the cylinder, R(!,!) = x(!,!), y(!,!), z(!,!)  is the position vector of the cell and F!(!,!) is 
the damping force and  F!(!,!) is the reflection force  
This model consists of four forces as explained below including actuator 
force F!"(!,!), damping forceF!(!,!), spring force F!(!,!) and reflection force F!(!,!). 
 
5.2.2 CALCULATING ACTUATOR FORCE  
The actuator force F!"(!,!) is applied by the cylinder.  This force depends 
on  the input pressure and F!"(!,!) = P!"A for the extension case and it is F!"(!,!) = −P!"A for the retracting case.  The direction of this force 
changes as the cell moves laterally.  As the base of the actuator is 
assumed fixed, the direction of the actuator force can be represented 
using: 
 
x(!,!) − x!(!,!)x(!,!) − x!(!,!) ! + y(!,!) − y!(!,!) ! + z(!,!) − z!(!,!) !y(!,!) − y!(!,!)x(!,!) − x!(!,!) ! + y(!,!) − y!(!,!) ! + z(!,!) − z!(!,!) !x(!,!) − x!(!,!)x(!,!) − x!(!,!) ! + y(!,!) − y!(!,!) ! + z(!,!) − z!(!,!) !
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where x!(!,!), y!(!,!), z!(!,!)  is the base point and x(!,!), y(!,!), z(!,!)   is 
the point of the cylinder. 
 
5.2.3 DAMPING FORCE 
A damping force F!(!,!) is assumed to be dependent on the velocity of 
the cell elements, therefore the damping force can be shown by: 
 F!(!,!) = −B(!,!)!(!,!)  
where B(!,!)! is the damping factor and !(!,!) is the velocity of the 
element. 
A scalar damping force can model the damping effect of isotropic 
environments.  However, if  B(!,!)! is selected as a matrix, then it can 
model non-isotropic damping forces of the programmable surface.  It is 
particularly useful because the damping force of the axial motion is 
lower than the damping force of the lateral motions of the cells.  In the 
case of anisotropic damping forces, the damping factor matrix is: 
B(!,!) = B!(!,!) 0 00 B!(!,!) 00 0 B!(!,!)   Equation 23 
Equation 23 Anisotropic damping force matrix 
In this matrix if B(!,!) is a diagonal matrix with equal diagonal elements 
then the damping is isotropic.  But if the diagonal elements are different 
then it can model anisotropic behaviour. 
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5.2.4 SURFACE SPRING FORCE 
The springs are derived from the model that was proposed for single 
cells.  The difference is that in this case the interaction between the 
adjacent cells would provide lateral displacement in addition to the 
axial movements.  The movement of each cell causes a mutual 
interaction between adjacent cells.  The four springs were used to model 
this mutual interaction. 
  
 
Figure 74  Considered Forces Acting on Rod End by Surrounding Skin 
 
The spring forces is the sum of the four spring forces, given by: 
F!(!,!) = F!(!"#) + F!(!"##"$) + F!(!"#$) + F!(!"#$%) 
 
For example, the forces of the top spring is obtained from: 
F!(!"#) = −K∆L(!"#)a(!"#) 
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where a(!"#) is the direction of Top spring of the (m,k) cell, ∆! is the 
rod displacement, K is the spring constant. 
For this spring: 
∆L(!"#)
= x !,! − x !,!!! ! + y !,! − y !,!!! ! + z !,! − z !,!!! ! − L! 
  
where !! is the initial length of the spring 
The direction of this displacement is obtained by a unit direction vector 
given by: 
a(!"#)
= x !,! − x !,!!! ı+ y !,! − y !,!!! ȷ+ z !,! − z !,!!! kx !,! − x !,!!! ! + y !,! − y !,!!! ! + z !,! − z !,!!! ! − L! 
where ı, ȷ, k are Cartesian unit vectors 
 
Similarly, the other spring forces can be obtained by: 
F!(!"##"$) = −K∆L(!"##"$)a(!"##"$)"F!(!"#$) = −K∆L(!"#$)a(!"#$)"F!(!"#$%) = −K∆L(!"#$%)a(!"#$%) 
where the spring displacements are: 
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∆L(!"##"$)
= x !,! − x !,!!! ! + y !,! − y !,!!! ! + z !,! − z !,!!! ! − L! 
∆L(!"#$)
= x !,! − x !!!,! ! + y !,! − y !!!,! ! + z !,! − z !!!,! ! − L! 
∆L(!"#$%)
= x !,! − x !!!,! ! + y !,! − y !!!,! ! + z !,! − z !!!,! ! − L! 
and the direction of the spring forces are: 
a(!"##"$)
= x !,! − x !,!!! ı+ y !,! − y !,!!! ȷ+ z !,! − z !,!!! kx !,! − x !,!!! ! + y !,! − y !,!!! ! + z !,! − z !,!!! ! − L! 
a(!"#$)
= x !,! − x !!!,! ı+ y !,! − y !!!,! ȷ+ z !,! − z !!!,! kx !,! − x !!!,! ! + y !,! − y !!!,! ! + z !,! − z !!!,! ! − L! 
a(!"#$%)
= x !,! − x !!!,! ı+ y !,! − y !!!,! ȷ+ z !,! − z !!!,! kx !,! − x !!!,! ! + y !,! − y !!!,! ! + z !,! − z !!!,! ! − L! 
 
The direction of the force will be in the same direction of as the springs. 
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5.2.5 REFLECTIVE FORCE 
The reflective force is only considered of the border cells, which are the 
cylinders on the very outer perimeter of the surface. For the inner 
cylinders, the reflective force is considered to be zero. Therefore the 
boundary of the surface will not have any motion, shown as cells 25-48 
in Figure 75. 
 
 
Figure 75  Cell Matrix Layout and Borders of the Cell where Reflective Forces are 
Effective 
 
5.2.6 FINAL MODEL 
The final model of the surface is obtained if the equation (Equation 22) 
is solved for all the cells in the surface matrix.  Note that all these 
equations are firmly coupled because of the mutual interactions.  
Additionally the equations are non-linear mainly because of the spring 
forces.  Therefore, it is impossible analytically solve the dynamic 
equations.  However, using iterative techniques, it is possible to find an 
accurate solution to these equations.  The iterative techniques for 
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solving non-linear differential equations can be used however it is 
important to solve all the equations simultaneously because of the 
coupling between the motions of the cells. 
If the matrix of surface consists of ‘n’ rows and ‘k’ columns of cell 
elements then the model for the cell of the n-th row and k-th column is: 
m !,! R !,! = F!"!,! + F!!,! + F!!,! + F!!,!  
The dynamics of the surface can be shown with: 
MR = F!" + F! + F! + F!  
Where M is a diagonal matrix consisting the mass of the elements, ! is 
a vector showing the position of the elements, F!  is the damping force 
vector, F!  is the spring force vector, F!  is the reflectiove force vectors, 
and F!" is the pneumatic force vector 
Each of the vector and matrices of the above equations consists of 
corresponding information of all cells.  
The above highly non-linear and coupled systems of second order 
differential equations can be solve for different case of initial state.  
Case I:  Surface Model with External Force 
In the case that the motion of the surface is due to an applied force 
with no initial deformation or velocity, the surface can be simulated 
using:  
MR = F!" + F! + F! + F! "F!" ≠ 0"R 0 = 0"R 0 = 0, where the non-zero input force is the external force. 
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Case II:  Surface Model with Pinching  
If the external force is zero but there is an initial deformation for 
surface, then this mode can be simulated using: 
MR = F!" + F! + F! + F! "F!" = 0"R 0 ≠ 0"R 0 = 0 
Where the non-zero position is the initial deformation. 
 
Case III:  Surface Model with Initial Velocity  
Another mode of operation has an initial velocity when external force 
and initial deformation of the surface are zero.  This mode can be 
simulated using: 
MR = F!" + F! + F! + F! "F!" = 0"R 0 = 0"R 0 ≠ 0 
Where the non-zero velocity shows the initial velocity. 
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Case IV:  Surface Model with External Force, Pinching and initial 
velocity 
Finally a combined mode can be defined if an external force, initial 
deformation and initial velocity are considered for the system equation.  
This mode can be simulated using: 
MR = F!" + F! + F! + F! "F!" ≠ 0"R 0 ≠ 0"R 0 ≠ 0 
In all of the abovementioned modes, the external force, the deformation, 
or initial velocity can be considered for one cell or for any number of 
cells.  Simulation results for each of the aforementioned modes are now 
presented. 
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5.3 SIMULATION RESULTS FOR MULTIPLE CYLINDERS 
A model for a surface consisting of a 10 x 10 matrix of cells is simulated 
in this section.  The result of the simulation for the following cases are 
shown.  
1. Surface with single-point axial pinching  
2. Surface with multi-point axial pinching 
3. Surface with single-point axial external force 
4. Surface with single-point non-axial external force 
5. Surface with multi-point axial external force 
6. Surface with multi-point non-axial external force 
7. Surface with single point initial velocity 
8. Surface with multi-point initial velocity 
 
5.3.1 TEST 2A SIMULATION RESULTS OF SINGLE-POINT 
PINCHING 
Test 2A starts with an initial single-point displacement of 
approximately 200mm.  Surrounding cylinders all start in their home 
positions.  Figure 76 shows the initial state of the surface. 
 
Figure 76  Initial Conditions for Single-Point Axial Pinching Simulation 
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The sequence in Figure 77 shows the surface tension of the skin pulling 
the cylinder back into position.  Frames are recorded at 3fps.  The high 
force applied by the skin results in a quick motion as the cylinder snaps 
back to position followed by a relatively short settling time.   
 
Figure 77  Nine Instances of the Single-Point Axial Pinching Simulation 
 
Figure 78 shows the simulated end-point movement of the cylinder, in 
the x, y and z directions.  As the motion is axial, major forces are only 
present in the z-direction, with very minor lateral movement.  A small 
overshoot is observed as the cylinder reaches the end of its motion.  
These tests remove the end-stop limitations.  In actual operation the 
effective settling time can be considered shorter than what is observed 
herein. 
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Figure 78  Deformation for Single-Point Pinching Simulation 
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5.3.2 TEST 2B SIMULATION OF MULTI-POINT PINCHING 
Test 2B starts with three neighbouring cylinders being initialised from a 
non-zero extension.  Surrounding cylinders all start in their home 
positions.  Figure 79 shows the initial state of the surface. 
 
 
Figure 79  Initial Conditions for Multi-Point Axial Pinching Simulation 
 
As expected, the surface behaves with properties similar to those 
exhibited in Test 2A, however the magnitude of the interaction is 
increased due to the increased stored energy in the initial condition.  
Both the overshoot and settling times are increased as a result. 
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Figure 80  Nine Instances of the Multi-Point Axial Pinching Simulation 
 
The increased overshoot can be observed in Figure 81, along with the 
small lateral displacement in the x and y directions, resulting from non-
balanced lateral forces applied by neighbouring cylinders. 
 
 
Figure 81  Deformations of the Pinching Point 
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5.3.3 TEST 2C SIMULATION OF SINGLE-POINT EXTERNAL 
FORCE 
For Test 2C, an initial axial force is applied to a single cylinder, as 
opposed to an initial extension as in Test 2A and Test 2B.  Figure 82 
shows the magnitude and direction of the force applied to the surface.   
 
Figure 82  Initial Conditions for Single-Point Axial External Force Simulation 
 
As the initial condition is a force rather than a displacement, the 
surface begins with all cylinders retracted, as shown in Figure 83.  As 
the simulation progresses, the central rod extends until the tension 
pulling back from the skin equals that of the externally applied force.  
The central and neighbouring cylinders oscillate for a short while until 
finally settling into their position of equilibrium. 
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Figure 83  Nine Instances of the Single-Point Axial External Force Simulation 
 
The displacement of the central cylinder can be seen below in Figure 84.  
As it extends from its initial position, it gains momentum.  The 
embodied kinetic energy within the cylinder and surrounding skin 
causes it to overshoot past its final settling extension.  As the other 
interactive forces come into play, it oscillates in an irregular manner 
before finally settling to its state of equilibrium. 
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Figure 84  Deformations of the Point 
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5.3.4 TEST 2D SIMULATION OF SINGLE-POINT NON-AXIAL 
EXTERNAL FORCE 
Test 2D is similar to Test 2C, however has a larger initial force and the 
force contains lateral components.  The applied force can be seen in 
Figure 85. 
 
Figure 85  Initial Conditions for Single-Point Non-Axial External Force Simulation 
 
The surface behaves with similar characteristics as in Test 2C.  The 
increased force results in a much quicker extension which causes 
significant stretching in the skin, as can be seen in Figure 86.  The 
rapid extension causes the surrounding elements to extend quickly, 
albeit with a delayed reaction.  Not long after, the surrounding elements 
dissipate energy and settle to a state of equilibrium. 
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Figure 86  Nine Instances of the Single-Point Non-Axial External Force Simulation 
 
A relatively linear velocity occurs at the end-point of the central 
cylinder.  As the cylinder near the end of its extension it slows until the 
external force and tension applied by the skin balance. 
 
Figure 87  Deformations of the Pinching Point 
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5.3.5 TEST 2E SIMULATION OF MULTI-POINT AXIAL 
EXTERNAL FORCE 
Test 2E simulates the behaviour of the surface when 3-axial forces are 
applied to 3 different cylinders.  The forces are all relatively low, which 
results in a low velocity motion of the cylinder tip and relatively little 
overshoot by the driven or neighbouring cylinders.  The location, 
magnitude and direction applied to the cylinders can be seen in Figure 
88. 
 
Figure 88  Initial Conditions for Multi-Point Axial External Force Simulation 
 
The motion of the surface can be seen in Figure 89.  The gradual 
movement provides only limited deformation of the skin.  The combined 
force applied to the 3 central cylinders results in a strong enough 
movement to drag a large number of surrounding cylinder from their 
home positions, however the system settles quite quickly. 
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Figure 89  Nine Instances of the Multi-Point Axial External Force Simulation 
 
Lateral and axial deformation of each of the central cylinders is shown 
in Figure 90.  The lateral deformation results from un-balanced forces 
interacting between adjacent cylinders through the skin surface. 
 
Figure 90  Deformations of the Pinching Point  
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5.3.6 TEST 2F SIMULATION FOR SINGLE-POINT INITIAL 
VELOCITY 
The single-point initial velocity test assumes that a cylinder and 
attached surface is moving at a given velocity. 
 
Figure 91  Initial Conditions for Single-Point Axial Velocity Simulation 
 
The initial velocity results in extension of the central cylinder, which 
results in extension of neighbouring elements.  The system oscillates for 
a short time before the internal forces and energy loss results in the 
surface settling back to the home position.  Frames from the simulation 
can be seen in Figure 92. 
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Figure 92  Nine Instances of the Single-Point Initial Velocity Simulation 
 
Figure 93 shows the lateral and axial translation of the central cylinder 
end-point.  Majority of the motion is z-direction, with very minor 
lateral translation.  The lateral translation is so small as the forces 
acting on the cylinder a theoretical symmetric, and thus balance one 
another. 
 
Figure 93  Deformations of the Pinching Point  
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5.3.7 TEST 2G SIMULATION OF MULTI-POINT INITIAL 
VELOCITY 
The scenario presented in Test 2G is similar to Test 2F, only with 
multiple initial velocities applied.  The magnitude, direction and 
location of the initial velocity can be seen in Figure 94. 
 
 
Figure 94  Initial Conditions for Multi-Point Axial Velocity Simulation 
 
The combined momentum of the three driven central cylinders results 
in a significant initial extension, that in-turn results in significant 
movement of surrounding cylinders, as shown in Figure 95.  The energy 
is dissipated through the surface and the skin shortly returns to a flat 
plane in the home position. 
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Figure 95  Nine Instances of the Multi-Point Initial Velocity Simulation 
 
The displacement curves shown in Figure 96 show the lateral and axial 
translation at the tip of the 3-driven cylinders.  A small lateral 
translation if observed resulting from unbalanced interactive forces 
between neighbouring cylinders, however most of the deformation is 
axial, parallel to the intial velocity. 
 
Figure 96  Deformations of the Velocity Point  
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5.4 SUMMARY OF EXPERIMENTS 
The simulations conducted as part of this chapter demonstrated the 
ability for the surface model to predict the behaviour of an array of 
actuators, linked by a flexible surface.  The simulations were based on 
physical interactions typical of what would be observed under normal 
operating conditions. 
 
5.5 CONCLUSION 
In this chapter, a complete mathematic model has been established.  
The model has been able to address the axial and lateral motions, the 
various damping effects, the complex interaction between neighbouring 
cells, and also pneumatic force.  From the start it was known that a 
complex interaction was at play, and through the modelling process, it 
was possible to recreate this observed interaction in the theoretical 
model.  By carrying out scenarios simulating conditions typical of those 
observed within the physical system, the mathematical model showed a 
highly interconnected dynamic relationship between a given cell and its 
neighbouring cells.  The nonlinear dynamic behaviour of a given cell 
was largely attributed to the spring elements within the surface 
material.  The model demonstrated the ability to simulate the surface 
behaviour for a variety of scenarios, including initial velocities and 
forces for both single and multi-point configurations. 
This chapter demonstrated the ability for a mathematical model to 
predict and estimate the movements of multiple inter-connected 
cylinders to produce a desired contour.  Having developed a suitable 
mathematical model, the next chapter explores the methods for 
controlling the programmable surface in a useful manner, investigating 
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the software and communications structure used to transfer information 
between the simulation software and programmable logic controller. 
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6 SURFACE CONTROL STRATEGY 
The following chapter introduces various methods for describing, 
packaging and communicating motion data between the central 
computer that runs the control software, and the PLC that directly 
controls the valve state.  The chapter considers how the information 
can be communicated in such a way that it does not restrict types of 
patterns that can be displayed, or the speed in which they can be 
shown. 
 
6.1 INTRODUCTION TO SURFACE CONTROL 
The desired surface can only be created if each cylinder moves to its 
proper position. Their movement requires appropriate commands for 
extending or retracting of cylinders that are provide by two pneumatic 
valves.  The command has only one controllable variable, the time that 
each cylinder is held open. 
 
Therefore, the open loop control strategy requires  
1. A suitable pulse width for the open/close commands of valves.  
2. Timing control for all valves 
 
In addition to these items, other factors are considered for safety and 
improved performance of the surface.  In this section these strategies are 
explained. 
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As the control strategy is open-loop, the position of the cylinders is not 
measured, and for the most part, not known.  This is due to the fact 
that (a) for the proposed system it is not cost effective to have absolute 
position feedback on each cylinder, and (b) many other methods for 
position measurement, such as image processing, are not only 
computationally expensive, but also unreliable for such a complex 
surface operating in varied environmental conditions. 
To achieve the open-loop control, a unique control strategy has been 
developed.  This strategy for the interactive surface is an open loop 
strategy that divides the motion of the cylinder into time slices.  The 
arrays containing information for each of these slices are given the 
names “time calculation batch” and “pulse width control”.  These 
arrays contain information on where the cylinders should be, where they 
need to move to, and finally the valve state and time needed to achieve 
the shift.  This control strategy is shown in Figure 97.  In this control 
strategy, there are three stages: 
1- Frame processing 
2- Time calculation batch 
3- Timing/pulse width control 
The frame processing is responsible for defining the desired surface state 
at any time instance.  The time calculation batch is responsible for 
calculating a time matrix that outputs the duration each valve needs to 
remain open in order for the cylinder to move to the desired position, 
and hence produce the desired surface shape. 
 148 
 
Figure 97  Open-Loop Control Strategy 
 
6.2 FRAME PROCESSING 
For this stage a selector will select the input, which may come from a 
pre-compiled move sequence, an audio input, or live video input.  In 
each case the input is processed and converted to data format 
compatible with the surface.  Audio is interpreted based on amplitude 
or frequency, whereas video can be analysed for a grey-scale pixel value 
or rate of change of pixel intensity.  Each frame is a matrix of !!×!! 
pixels that corresponds to the size of the interactive surface.  The frame 
processing maps the colour or intensity of the pixels to positions.  
Therefore the colour of a pixel in a desired frame is associated to the 
desired position of the cylinders.  Between two successive frames, if the 
intensity changes then the position of the associated cell must be 
changed.  The distance of the motion is proportional to the difference of 
pixel intensity.  Simply, if we consider a pixel in the current frame has 
the value of )( nij tc  and if this pixel in its successive frame has the grey-
scale value of )( 1+nij tc  then the change in the intensity is )()( 1 nijnij tctc −+ . 
If this difference is positive then the cylinder is required to extend, and 
if it is negative, then the cylinder should retract.  A matrix of 
displacement is proposed based on the intensity differences for all pixels.  
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Equation 24  Displacement matrix based on changes in pixel density 
Here  ( ))()()( 11 nijnijnij tctctd −= ++ δ  and δ is a scaling factor.  
Notice that the intensity values range from 0-255 therefore the range of 
the ( ))()( 1 nijnij tctc −+ , is between -255 to +255. If the stroke of the 
cylinders is shown with l  and it is between the 
2
l−  to 
2
l  then the 
scaling factor can be 
510
l=δ .  From a direction of movement one 
matrix can be defined with the same size as the D matrix.  The 
elements of this matrix are only 1,0, and -1.  A zero value indicates that 
no motion is required.  The -1 indicates retraction and +1 indicate the 
extension.  The frame processing is performed using purpose-written 
software, which we call the ‘Interactive Surface Interface’.  The ISI 
software is installed and executed on the master controller PC. 
 
6.3 TIME CALCULATION BATCH 
Once the direction and displacement have been determined, the valve 
state and duration needs to be determined.  This is performed by 
streaming the displacement values into the model that we have 
developed in the previous section, and it also can be tested by this 
simulator.  To assist the operator, the model can show the deformation 
of the surface before the new positions are applied to the cylinders.  
However, it is expected that the actual surface shape will have a slight 
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difference in compare to a desired surface because of the open loop 
control strategy, nonlinear operation of the wall and some 
environmental variants. 
Based on the dynamic equation of the surface and desired surface shape, 
a solution to the following nonlinear equation must be found to obtain 
pulse widths for cylinders.  The equation is: 
 FinFFRBRM rsp =+++   
In this model, if 0t  and ft  are the initial time and the time of the 
shaping and R  is the vector of the position for each valve, then ( )0tR  
represents the pose of valves for the initial shape and ( )ftR  is the final 
condition of the valves.  Therefore ( )ftR~  is the desired state of the vales 
for the desired shape. For a surface that includes a matrix of !!×!! 
actuators, if an !!×!! matrix of time T  indicates the pulse width that is 
required for cylinders, then:  
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Equation 25 Time-domain matrix of valve on-time duration 
where jit , is the pulse width that will be applied for the cylinder of the i-
th row and j-th column.  Notice that 0, ttt fji −≤  for all the possible 
values of ‘i’ and ‘j’ and also that after this time for any cylinder, there 
will be no further axial motions.  The axial motion is limited by the 
application of the pneumatic brake on the cylinders, although some 
lateral motions can be observed.  The lateral motion depends on the 
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configuration of the neighbouring cylinders.  Therefore after this time 
the axial the pressure, acceleration and velocity of the cylinder will be 
zero and only lateral motion need to be considered. 
 
6.4 CALCULATION OF PULSE WIDTHS FOR VALVE TIMING 
The time calculation uses the model of the programmable surface.  In 
this model we apply the force to each cell and then obtain the velocity, 
acceleration and update the position.  This calculation carries forward 
to the point that the displacement of each cylinder is equal to that 
given by the displacement matrix.  When the first cylinder reaches its 
desired position, the air supply is cut and its brake is activated.  The 
motion of the remaining cylinders is continued until they all reach their 
desired extensions, at which point their brakes are also activated.  The 
time that each cylinder takes to reach its desired position is the time of 
pulse widths.  These times are obtained for all cylinders by the 
aforementioned method.  These pulse width times can then be passed to 
pulse width control block.  The time calculation is performed using a 
“Matlab Model” on the master controller.  The time calculation batch 
provided timing for an open close command of the valves of cylinders. 
The next stage is to derive the actual command from the timing. This 
can be done on the master controller or the surface controller. The 
surface controller is an ‘Omron PLC’. 
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6.4.1 PULSE WIDTH CONTROL BY PROGRAMMABLE LOGIC 
CONTROLLER AND MASTER CONTROLLER 
If the time matrix and direction matrix are passed to the surface 
controller station Programmable Logic Controller (PLC), then a PLC 
control program is required to apply commands to the valves for the 
defined times.  The pulse width control for PLC can be implemented 
using Pulse timers.  Notice that !!×!  number of these pulse timers are 
required. 
By using a simple Boolean state-matrix to communicate the condition 
of each valve, the volume of data being transmitted can be significantly 
reduced.  Rather than transmitting the required movement data for 
each cylinder between the master controller and PLC, the state for each 
is sent, meaning the refresh rate can be defined by the master controller 
at the time of execution.  If the size of the matrices are !!×!! and an 
integer value is 16-bits in length, then the size of communication in the 
first case is 16!×! !×!! but for the second case the size of the matrices 
is 2!×! !×!!. This is equivalent to 80% reduction in bandwidth 
requirements, providing a more light-weight and responsive control 
strategy. 
 
6.5 CONCLUSION 
This chapter has shown how time-based control of the cylinders can be 
a flexible, efficient and effective way of positioning cylinders.  The 
format in which data is sent to the PLC allows for fast transfer speeds 
and frame updates, and can also be easily expanded to allow for an 
increased number of cylinders.  There is no time dependency on the 
percentage of cylinders changing state in each frame and as there is 
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reasonable amounts of bandwidth still available, the format allows the 
step size to be shortened if a fast-acting cylinder/valve combination was 
to be used.  Having established both the mathematical model for 
predicting motion of the programmable surface and a method for 
transmitting data from the controlling PC and programmable logic 
controller, the following chapter investigates how patterns can be 
generated, and measures the accuracy in which the programmable 
surface can render them.  Pattern generation includes using live 
captured inputs such as audio and video, and also predefined 
movements, or ‘pattern files’. 
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7 INTERACTIVE SURFACE TESTING AND MODEL 
VALIDATION 
In this chapter we explore the ways in which the programmable surface 
can be controlled, interacted with, and how well the developed control 
algorithms reproduce the desired contours. 
 
7.1 HARDWARE AND CONTROL ARCHITECTURE 
The hardware architecture includes three controllers and a surface itself.  
The three controllers are 1) master controller, 2) programmable surface 
controller and 3) remote station.  The master controller is the PC 
computer that runs an interface program. The programmable surface 
controller is a programmable logic controller. The remote controller is a 
PC for sound or projector control.  The hardware setup is shown in 
figure below 
 
Figure 98  Auxiliary Systems Connectivity Diagram  
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There are two computers used to run the interactive programmable 
surface software.  The Surface PC is dedicated to calculating timing and 
sending control signals to the programmable surface via the PLC 
controller.  The Aux. PC is used to capture and pre-process the data 
inputted from its connected sources.  The sources include audio inputs 
and video capture.  The Aux. PC also outputs audio and visual data via 
loudspeakers and a data projector. 
The programmable surface PLC controller, as discussed in section 3.3.1, 
contains all the hardware for low-level processing for driving the 
outputs, as well as the IO cards and CPU. 
 
7.2 SOFTWARE 
There are three programs developed, one each for the Surface PC, the 
Aux. PC and the PLC controller.  Details of the low-level PLC 
controller software can be found in section 3.3.1. 
 
7.2.1 SOFTWARE DEVELOPMENT FOR MASTER CONTROLLER 
PC 
A screen-shot of main window of the software is shown in the figure in 
below. 
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Figure 99  Master Controller Software Screenshot 
 
The master controller software is used to select the display type and 
tune the programmable surface.  It acts as a hub for all input devices as 
well as providing the necessary communications to the PLC.  It is 
capable of forwarding surface information from each of the peripheral 
input devices, or recalling saved pattern files.  Each of the various 
panels and their function are described in detail below. 
 
7.2.1.1 PROGAMMABLE SURFACE NETWORK 
CONFIGURATION 
This panel is used to specify the IP address for the master controller, 
programmable surface controller and a remote controller. The ‘master 
controller’ is the PC computer that runs the interface program.  The 
‘Wall IP’ address is the IP address of the programmable logic controller 
within the surface control cabinet.  The remote controller is the 
auxiliary PC used for processing sound, video, etc. 
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Figure 100  Network Configuration Panel 
 
7.2.1.2 PROGRAMMABLE SURFACE DIAGNOSTICS PANEL 
Shown in Figure 101, this panel has a number of uses that mostly 
centre around allowing the user to perform preliminary checks to ensure 
the surface is functioning as desired.   
 
 
Figure 101  Programmable Surface Diagnostics Panel 
 
The ‘Retract All’ and ‘Extend All’ commands the surface to retract or 
extend all connected cylinders (Item 1).  The two ‘Lock Cylinders’ 
buttons allow all connected brakes to be activated or deactivated (Item 
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2).  The ‘Piston Number’ allows an individual cylinder to be extended 
or retracted (Item 4), whereas the ‘Cylinder number’ allows a cylinder 
to be extended and retracted in a looping mode (Item 5).  The ‘Wall 
Refresh Rate’ defines how often data is sent to the PLC, in Hz (Item 4).  
The entire programmable surface can be extended and retracted in a 
looping mode using the ‘Interval Time’ panel (Item 6), the maximum 
number of concurrent patterns is defined (Item 7), and tuning offsets 
can be defined including a global timing offset and retracting offset 
(Item 8). 
 
 
Figure 102  Input Pressure Adjustment Panel 
 
The supply pressure can also be varied using the input pressure 
adjustment control, shown in Figure 102.  The pressure adjustment 
controls a flow control valve.  The ‘Reset Configuration’ command can 
be used to restore all values to hard-coded pre-sets, and a known 
working condition. 
 
7.2.1.3 SELECTING PATTERNS AND SHAPES TO BE 
DISPLAYED 
The pattern being display on the programmable surface can be from live 
sources, or from stored pattern files.  When using live inputs, such as 
audio or video, the Auxiliary will pre-process data then send it to the 
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Master Controller.  The ‘Input Source’ allows the user to select the 
source of the information, see  
 
Figure 103  Input Source Selection Panel on Master Controller 
 
The ‘Video’ option allows shapes and contours from the video camera to 
be displayed.  The ‘Audio’ options allows patterns created in near real-
time from audio sources to be displayed.  The ‘Pattern’ option allows 
the user to recall an existing pattern file for display.  Pattern files are 
generated using a custom-written piece of software that allows users to 
create patterns using a combination of mathematic functions.  Live 
previews of each input are shown on the Master Controller, as shown in 
Figure 104. 
 
Figure 104  Live Input Preview Panel 
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7.2.1.4 PATTERN-FILE SELECTION 
The pattern file can be selected using the ‘Pattern Parameters’ panel, as 
shown in Figure 105.  This panel shows specifications of the selected 
pattern including number of frames, matrix size, and currently 
displayed frame. 
 
 
Figure 105  Surface Pattern Testing Panel 
 
Pattern files can also be called from peripheral devices.  When a pattern 
file is called from an external source, the details of the pattern are 
displayed in the “Pattern Testing Panel”.  The ‘Enable Fadeout’ 
function allows patterns to ‘fadeout’ to a fully retracted condition once 
they finish.  Not all pattern files finish with all cylinders in a ‘fully 
retracted’ condition, and this feature avoids artefacts remaining once 
the pattern file has finished playing. 
 
 
Figure 106  Externally-Triggering Pattern Files 
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7.2.1.5 MESSAGE CENTRE WINDOW 
To ensure the operator knows at all times what the surface is doing, a 
message-centre window is used.  This window displays critical changes 
that will effect the performance and operation of the surface, whether 
from a local user input, or a command from one of the peripheral input 
devices.  A log of the notifications can be exported and reviewed if 
needed. 
 
Figure 107  Master Controller Message Centre Window 
 
7.2.2 SOFTWARE OF THE PROGRAMMABLE LOGIC 
CONTROLLER 
At the heart of the hardware of the programmable surface controller is 
an Omron programmable logic controller.  A program has been 
developed for this PLC using RSLogix.  RSLogix is programming 
environment for Omron PLCs.  An example of the editor window is 
shown in figure below. 
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Figure 108  RSLogix Programmable Logic Controller Programming Environmentvi 
 
Function blocks of RSLogix can be used easily to develop different 
sequential or continuous control using the ladder programming 
structure.  It has various timers, counters, different logics and some 
control functions.  However the programmable surface requires a 
sequence of timely mannered commands.  To achieve this a very simple 
and efficient program loop is implemented and is shown in Figure 109. 
 
 
                                     vi!Image!taken!from!Google!images!
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Figure 109  Programmable Logic Controller Software Diagram 
 
Once the system has been powered and has established a network 
connection with the master controller PC, it sits and waits for a data 
block to be sent.  Once the block is received, the header is processed, 
the values decoded and stored in the appropriate memory location, and 
then finally the outputs are set.  All this occurs at over 1kHz, resulting 
in a maximum program delay of 1ms.  Note that the PLC only updates 
the output table when new data is received, allowing it to react quickly 
and avoid performing unnecessary tasks. 
 
7.3 IMPROVING SYSTEM PERFORMANCE 
There are a number of methods incorporated into the control strategy 
that helps limit the effects of cumulative position error that may result 
from an intermittent valve or cylinder, or from incorrect data being 
received at the PLC.  These methods are described below.  
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7.3.1 END-POINT EXAGGERATION 
As the cylinder move, they will inevitably find move by slightly too 
much, or not enough distance.  As each translation is made by simply 
extending or retracting the rod by a desired distance, there is a high 
chance that the many small errors will not cancel one another, and can 
sum to result in a significant position error.  One of the simplest 
methods for reducing the effects of this cumulative positional error is 
end-point exaggeration.  This works by ‘overdriving’ the rod whenever 
it is commanded to move to a fully retracted or fully extending location.  
Consider the case whereby the cumulative error has resulted in a 
cylinder being extended more than it should be.  If the retract 
command is given for the theoretically correct duration, the cylinder 
may fall short of the home position.  Given that the cylinder cannot 
move further than either of the end stops, when returning home the 
valve is held open for slightly longer than it really needs to.  This 
ensures that even if it was over extended, it has its position ‘reset’.  
This technique is used when fully extending. 
 
7.3.2 IMPROVING SURFACE FLUIDITY 
As the shapes and surfaces are generated automatically and in real 
time, it’s possible that one cylinder should be fully retracted, and its 
neighbour fully extended.  Although the skin is capable of deforming the 
full extension, it places significant strain and significantly increases the 
risk of a tear or break.  For this reason, cylinder are software limited to 
always be within 200mm of any of its neighbours.  This is achieved by 
post-processing the data coming form the time position matrix.  
Adjacent cylinders that exceed the 200mm limit have a local average 
that considers the central cylinder and its 8 neighbours.  Depending on 
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the average extension, either the centre cylinder has its position 
adjusted, or the surrounding cylinders do.  Although this method results 
in deviation from the intended display, it ensures that the surface will 
survive.  The values can be adjusted to tune the surface depending on 
the desired result. 
 
7.3.3 STAGGERED MOVEMENT 
When only a limited air supply is available, the software can limit the 
number of cylinders its attempting to move at any give time.  By 
inputting the total !!!"#!! available to the panels, the software can 
limit motion to avoid significant supply pressure drops.  It does this by 
considering the volume of air required to move a given number of 
cylinders the desired amount.  Rather than moving all cylinder 
simultaneously, it ‘sweeps’ across the surface, moving only as many 
cylinder as the air supply can maintain.  The direction and speed of the 
sweep can be varied and optimised for the desired display. 
 
7.3.4 DISPLAY SCALING 
In the case of limited air supply, an alternative control method to 
staggered movement is to down-scale motion.  This reduces the distance 
of travel by scaling the original motion by a user-specified amount.  Ie. 
if a cylinder should be fully extended and the scaling factor is set to 0.5, 
then the controller will stop it the cylinder’s motion mid-way through 
the stroke.  The result of this method is a less-sharp ‘image’, but still 
allows for high-frame rates.  The scaling factor can be tuned 
independent for extending and retracting, and also be set to either a 
linear or logarithmic scaling. 
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7.4 SYSTEM PERFORMANCE EVALUATION 
The System Performance section provides details of the effectiveness of 
the programmable surface to physically create the computer-generated 
imagery.  The tests are displayed on a programmable surface with 
40x14 (w,h) cylinder matrix. 
 
Figure 110  Expanding Droplet Pattern (L) Programmable Surface, (R) Input 
 
Figure 110 shows consecutive images of an expanding droplet.  
Although some artefacts are present, the shape and flow of the image 
can be clearly seen. 
To test the ability of the programmable surface to accurately produce a 
gradient, the control pattern shown in Figure 111 was used.  In theory, 
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each of the cylinders should have started at fully retracted, then 
extended in 8.75mm steps until the final column was fully extended.   
 
 
Figure 111  Gradient Control Pattern 
 
Figure 112 shows the results for one of the gradient tests.  The data 
shows the maximum and minimum error value for each column along 
the surface, and the column number in the x-axis. 
 
Figure 112  Results of Gradient Test 
 
A regular overshoot of between 3-5mm is observed for the first few 
columns.  As the required extension increases, a corresponding increase 
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in positional error is observed.  Further tests were performed, each time 
noting the difference between desired position and actual position.  The 
results are shown in Figure 113.  In all but 2 cases, the average cylinder 
error is an over-extension.  This suggests that the pressure was either 
slightly higher than what was considered, or that the extension delay 
needed to be lowered.  The maximum observed error was within ±10!!. 
 
 
Figure 113  Observed System Accuracy 
 
The following images show various shapes and patterns being displayed 
on the surface. 
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Figure 114  Droplet Being Displayed on the Surface 
 
Figure 114 shows a droplet being displayed on the surface.  The 
uniformity of the toroid shape can be seen, along with the relative 
smoothness of the majority of actuators in the home position. 
 
 
Figure 115  Effect of Structured Lighting on the Surface 
 
Figure 115 shows the striking effect of lighting the surface with different 
sources, located at opposing sides of the surface.  This technique 
highlights the surface contour and adds further depth to the display. 
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Figure 116  Human Interaction with the Surface 
 
Figure 116 shows a lady physically interacting with a motion surface.  
She does not know what the surface is going to do next, but still feel 
comfortable applying force to it with her hand.  This image shows the 
true interactivity of such a surface. 
 
7.5 CONCLUSION 
For a majority of cases the programmable surface has been able to 
demonstrate a reasonably high level of accuracy.  The ‘conformable’ 
nature of display allows small errors in extension and timing to go fairly 
well unnoticed as the skin encourages cylinders to fit in with its 
neighbours.  It has been able to physically recreate the contours, shapes 
and images generated either via the pattern-file generator, or those 
captured using the various methods of input, including live sound and 
video.  It has also been discussed how various control strategies can be 
employed to improve system performance in the case that a limited air 
supply is available, or to scale motion in the case that a reduction in 
total movement is required.   
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8 CONCLUSION AND FUTURE WORK 
The research presented in this thesis has demonstrated that it is 
possible to create surface contours with reasonable accuracy using a 
large matrix of pneumatic cylinders being controlled in an open-loop 
manner. 
System components were designed and selected based on size, weight 
and performance, in addition to the cost and ease of use.  The 
compressible nature of air has given the surface unique characteristics.  
It has meant the surface is inherently difficult to accurately control, but 
the very fact that there is some compliance in the actuator allows the 
surface to conform to the surface defined by neighbouring actuators, 
and soften the display.  The selected actuators are capable of full-stroke 
cycles at 3Hz and the desired valve state can be updated in-excess of 
500Hz. 
The mathematic modelling of the single cylinder, and subsequently the 
cells of cylinders, has not been a ‘perfect’ process, however the accuracy 
and repeatability of the results are suitable for the nature of the 
programmable surface.  The characterisation process yielded models 
that were able to reproduce observed trajectories within a range of 92-
98% accuracy.  The models generated demonstrated the ability to 
replicate all portions of the cylinder motions, including initial 
acceleration, constant velocity travel and contact with the end-stop. 
Given that the load on the cylinders was relatively little compared to 
what they can theoretically apply, the small differences from one 
cylinder to the next went fairly well unnoticed.  If the surface were to 
be used in a high-load situation, these differences may become more 
pronounced, due to increased momentum and frictional forces from 
lateral loading. 
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The created surface has demonstrated the ability to represent both pre-
processed and live patterns, generated either by mathematic means or 
by sampling live audio or video inputs, in a near real-time manner and 
as a highly dynamic display.  The surface encourages people to interact 
with it, either by becoming the input through the audio and video 
capture, or by physically interacting with the surface itself.  It has given 
people a new and exciting non-verbal, non-written method of 
communicating and interacting in a safe and playful way.  It has also 
resulted in a new interface with which to advertise or present 
information to people on a large-scale and through an eye-catching 
means.  Although it has met almost all of the goals set out in this work, 
the programmable surface is by no means finished, or in its most refined 
or useful state, and there are many elements that could be improved 
upon. 
Future work could include improving the accuracy and repeatability of 
the system, either through a closed-loop approach or by different 
actuator selection.  The addition of feedback could include adding 
positional feedback to all, or some cylinder within the surface.  In the 
case that feedback was added to a sub-set of the full number, these few 
could be used to actively tune the system and minimise error across the 
full surface.  Although this would most likely improve the ability of the 
surface to render the desired contour, for the best result positional 
feedback would be required for each actuator. 
If it were possible to achieve the necessary speeds and forces, an electro-
magnetic type actuator may also be suitable for the application.  
Although the cost would be significantly increased for the equivalent 
performance when compared to a pneumatic actuator, if a lower 
maximum velocity was acceptable then the electric actuator could 
provide increased controllability.  An electric system would also 
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eliminate the need for pneumatic compressors and accumulators, in 
addition to doing away with the various air lines.  The cost of the 
electric actuator could be offset by the fact that in most cases an 
additional brake wouldn’t be needed, as many electric actuators can 
hold their position with high reliability.   
Other future work could include expanding on the input types, or the 
reaction the surface has to existing inputs.  This could include 3D-
scanning an object or person’s face in real time, and projecting live 
video onto a live-3D contour of the image. 
There is also much work that could go into experimenting with 
difference skin materials and configurations.  For the purposes of this 
thesis, only a flat programmable surface was considered, where all 
cylinders operated in a parallel direction.  It may be possible to position 
actuators in a curved or even spherical configuration.  It may also be 
possible to project in 3D stereo-vision onto the surface, allowing macro-
features to be represented by the surface, but with micro-level details 
added using a 3D stereo projection system. 
For programmable moulds and air-surfaces, a more robust method for 
locking cylinders in place would most likely be required.  The way that 
the skin stretches over multiple actuators also plays an important role 
in the usefulness of the surface in such applications.  New capability 
could be achieved through the addition of an advanced surface material 
such as an electro-rheological fluid sandwiched between two rubber 
membranes, or shape-memory alloy (SMA) that could be used to 
dynamically limit the bend radius of the skin as it is positioned by any 
given actuator. 
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